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PART I A PRELIMINARY SURVEY 

Chapter I 
INTRODUCTION 

Interpretations of Nature : Anoent and Modern 

The world we live in presents an endless variety of fascinating 
problems which excite our wonder and curiosity. The scien- 
tific worker, like a detective, attempts to formulate these 
problems in accurate terms and, so fiir as is humanly possible, 
to solve them in the light of all the relevant facts that can 
be collected by observation and experiment. Such questions 
as What? How? Where? and When? challenge him to 
find the clues that may si^est possible replies. Confironted 
by the many problems presented by, let us say, an active 
volcano (Plate 2), we may ask : What are the lavas made 
of? How does the volcano work and how is the heat gene- 
rated? Where do the lavas and gases come firom? When 
did the volcano first begin to erupt and when is it likely to 
erupt again ? 

Here and in all such queries the question What ? refers 
to the stuff things are made of, and an answer can be 
given in terms of chemical compounds and elements. Not 
the elements of ancient philosophers, who considered the 
ultimate ingredients of things to be earth, air, fire, and water, 
but chemical elements such as oxygen, silicon, iron, and 
aluminium. 

The question How ? refers to processes— the way things are 
madeor happen or change. The ancients regardednatural pro- 
cesses as manifestations of power by capricious and irresponsible 
gods. In the Mediterranean region, for example, Poseidon 
was regarded as the ruler of the seas and underground waters. 
As the waters confined below the surface struggled to escape, 

X 
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Poseidon assisted them by shaking the earth and fissuting the 
ground. He thus became the god of earthquakes. Typhon, 
the source of destructive winds, was a “ many-headed monster 
of malignant ferocity” imprisoned in the earth. From him 
the dreaded typhoon takes its name. Pluto was the deity pre- 
siding over the fiery regions of the underworld. The eruptions 
of lavas and volcanic bombs from Stromboli and Vesuvius 
were expressions of his wrath. In Ireland, on the other )|[and, 
legendary giants made things happen. They were i^one 
throwers and builders. One of them fltmg the Isle of Man 
into the Irish Sea and Lough Neagh represents the place it 
was taken firom. The Giant’s Causeway (Plate 3b), which is 
a terrace carved by the weather and the sea from an ancient 
lava flow of columnar basalt, was “ e3q}lained ” as the work 
of the giant Fionn MacGomhal. 

To-day we think of natural processes as manifestations of 
energy acting on or through matter. We no longer blindly 
accept events as results of the unpredictable whims of mytho- 
logical beings. Typhoons and hurricanes are no longer inter- 
preted as the destructive breath of a wind god : they arise 
from the heating of the air over sun-scorched lands. The 
source of the energy is heat fi:om the sun. Volcanic eruptions 
and eauthquaices no longer reflect the erratic behaviour of the 
gods of the underworld : they arise firom the action of the 
earth’s internal heat on and through the surrounding crust. 
The source of the energy lies in the material of the inner 
eauth. In mamy directions, of course, and pauticulaurly where 
great catastrophes aure concerned, our knowledge is still woe- 
fully incomplete. Only the first of the questions we have 
asked about volcamoes can as yet be satisfactorily answered. 
The point is *ot that we now pretend to imderstamd every- 
thii^ — if we did, the task of science would be over — but that 
we have feith in the orderliness of natural processes. As a 
result of two or three centuries of scientific investigation we 
hpe come to beUeve that Nature is tmderstauidable in the 
tense that if we ai^ her questions by way of a|q>r(^riate observa- 
tion and experiih^t, she will answer truly amd reward us with 
dhKxweiies that endure. 




Paroxysmal eruption of Vesuvius, 26th April 1872 


[G. Sommef 


PLATE 3 



(B) The Giant’s Causeway, Co. Antrim 
COLUMNAR BASALTS 



THE IHAJOR SCIENGES 


The Major Fields of Scientific Study 

The questions we ask when faced with a volcano in eruption 
are typical of the kinds suggested by all natural phenomena. 
They indicate that — ^in general terms — scientific investigation 
is concerned with the manifestations and transformations of 
matter and energy in space and time. 

Of all the sciences Physics is the most fimdamental, for it 
deals with all the manifestations of energy and with the nature 
and properties of matter in their most general aspects. It 
overlaps to some extent with Chmistsy, which is particularly 
concerned with the composition and interactions of substances 
of every kind in terms of atoms and molecules, elements and 
compounds. Biology is the science of living matter. The 
nature of life still remains an elusive mystery, completely 
inexplicable in terms of matter and energy alone, but living 
organisms and their evolution can nevertheless be investigated 
scientifically. All other sciences are restricted to more or less 
specific fields of interest. Astronomy claims the unfathomed 
universe of stars and nebulx as its field of study. It is con- 
cerned with the distribution and movements of matter in space 
on a celestial scale. Its interest in the earth is limited to the 
purely planetary aspects of our globe. Regarded as a daughter 
of the sun, the earth may be only an insignificant speck in 
the immensity of space. But the earth is also the mother 
of life and the home of mankind, and as such we naturally 
regard her as the most important of all the celestial bodies. 
Thus the earth remains as a special field for investigation, 
and to this is devoted the science appropriately known as 
Geology (fi:om the Greek Ge, the earth ; logosy logical speech or 
“ science ”). 

From the earliest days of exploration G^grap^ has been 
rect^nized as the study of the ** home of mankind.*’ Modem 
geography focuses attention on man’s phyacal, biol(:^cal,and 
culture environment and on the relationships betwem man 
and his environment. The study of the physical environment 
by itsdf is Physical Gei^aphy, which includes cmmderadon 
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of the stirface relief of the globe (Geomoiphology), of the seBS 
and oceans (Oceanography), and of the air (Meteorology and 
Climatology) . Partly as an offshoot from early geography and 
partly from the observations of miners, but mainly from the 
work of amateur collectors of minerals, rocks, and fossils, there 
developed the more general science of the earth which is 
distinguished as Geolo^. 


The Scope and Subdivisions of Geology 

Modem geology has for its aim the deciphering of the whole 
evolution of the earth and its inhabitants from the time of 
the earliest records that can be recognized in the rocks right 
down to the present day. So ambitious a programme requires 
much subdivision of effort, and in practice it is convenient 
to divide the subject into a number of branches, as shown in 
Fig. 1, which also indicates the chief relationships between 
geology and the other major sciences. The key words of the 
three main branches are the materials of the earth’s rocky 
framework (Mineralogy and Petrology) ; the geological pro- 
cesses or machinety of the earth, by means of which changes of 
all kinds are brought about (Physical Geology) ; and finally 
the succession of these changes, or the kisfyny of the earth 
(Historical Geology). 

The earth is made up of a great variety of materials, such 
as air, water, ice, and living organisms, as well as minerals and 
rocks and the useful deposits of metallic ores and fuels which 
are associated with them. The relative movements of these 
materials (wind, rain, rivers, waves, currents, and glaciers ; 
the growth and movements of plants and animals ; and the 
movements of hot materials inside the earth, as witnessed by 
volcanic activity) all bring about changes in the earth’s crust 
and on its surface. The changes involve the dm^opment of 
new rocks fixim old ; new structures in the crust ; and new 
distributions (ff land and sea, mountains and plain, and even 
of climate and weather. The scoiery to-day is only the 
latest stage of an ever-changing kaleidosci^c series of widely 
(m 5 * 
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varied landscapes— and seascapes. Pf^sical Geology is con> 
cemed with all the terrestrial agents and processes of change 
and with the effects brought about by them. This branch of 
geology is by no means restricted to geomorphology, the study 
of the surface relief of the present day, which it shares with 
physical geography. Its main interest, as we have seen, is 
in the machinery of the earth, past and present, ^d in the 
various by-products, of which the existing surface Relief and 
the rocks now in process of formation are important i^mples. 

Changes of all kinds have been going on contintiously for 
something like 2,000 million years. To a geologist a rock is 
more than an aggregate of minerals ; it is a page of the earth’s 
autobiography with a story to unfold, if only he can read the 
language in which the record is written. Placed in their 
proper order from first to last {Stratigraphy), these pages embody 
the history of the earth. Moreover, it is familiar knowledge 
that many beds of rock contain the remains or impressions of 
shells or tones or leaves. These objects, called fossils, are the 
relics of animals or plants that inhabited the earth in ancient 
times. Palaontology is the study of the remains of these ancestral 
forms of life. Thus we see that Historical Geology deals not only 
with the sequence of events brought about by the operation 
of the physical processes, but also with the history of the long 
procession of life through the ages. 

Geology is by no means without practical importance in 
relation to the needs and industries of mankind. Thousands 
of geologists are actively engaged in locating and exploring the 
mineral resources of the earth. The whole world is being 
searched for coal and oil, and for the ores of the useful metals. 
Geologists are also directly concerned with the vital subject 
of water supply. Many engineering projects, such as tunnels, 
canals, docks, and reservoirs, call for geological advice in the 
selection of sites and materials. In these and many other ways, 
geology is applied to the service of mankind. 

Although geology has its own laboratory methods for 
s^ymg minerals, rocks, and fossik, it is essentially an open- 
air science. It attracts its followers to crags and waterialls, 
l^ariers and volcanoes, beaches and coral reefr, ever &rther 
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and farther afidd in the search for information about the 
earth and her often puzzling behaviour. Wherever rocks are 
to be seen in cliffs and quarries, their arrangement and 
sequence can be observed and their story deciphered. With 
his hammer and maps the geologist in the field leads a healthy 
and exhilarating life. His powers of observation become 
quickened, his love of Nature in all her moods is deepened, and 
the thrill of discovery is ever at hand. 



Chapter II 


THE SHAPE AND SURFACE RELIEF OF THE 

EARTH 

The Outer Zones of the Earth 

As it presents itself to direct experience, the earth can be 
physic^y described as a ball of rock (the lithospher^, partly 
covered by water (the hydrosphere) and wrapped i^ an en- 
velope of air (the atmosphere). To these three physical 
zones it is convenient to add a biological zone (the biosphere). 

The Atmosphere is the layer of gases and vapour which 
envelopes the earth. It is essentially a mixture of nitrogen 
and oxygen with smaller quantities of water vapour, car^n 
dioxide, and inert gases such as argon. Geolc^cally it is 
important as the medium of climate and weather, of wind, 
cloud, rain, and snow. 

The Hydrosphere includes all the natural waters of the outer 
earth. Oceans, seas, lakes, and rivers cover about three- 
quarters of the surface. But this is not all. Underground, for 
himdreds and even thousands of feet in some places, the pore 
spaces and fissures of the rocb are also filled with water. This 
ground-water, as it is called, is tapped in springs and wells, 
and is sometimes encountered in disastrous quantities in mines. 
Thus there is a somewhat irregular but nearly continuous 
mantle of water around the earth, satu ratin g the rocks, 
ovw the enormous depressions of &e ocean floors completely 
submerging them. If it were uniformly distributed over the 
earth’s suifoce it would form an ocean about 9,000 feet in 
dq}th. 

Hie the sphere of life, is piol»bly a less foiyiiliar 

collection. But think of the great forots an^ prairies with 
thcar countless swarms of animals and insects. Think of the 

tanglw of seaw^, of the wideqaead banks of moHuscs, 
m&M coral and ^oals fishes. Add to these die incon- 
numbers of bEcteiiu suid other mio^oscopic plunbi 
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animals. Myriads of these minute organisms are prraent in 
every cubic inch of air and water and soil. Taken ^together, 
the diverse forms of life constitute an intricate and ever- 
changing network, clothing the surface with a tapestry that 
is nearly continuous. Even high snows and desert sands fail 
to interrupt it completely, and lava fields firesh from the craters 
of volcanoes are quickly invaded by the pressure of life outside. 
Such is the sphere of life, and both geologically and geo- 
graphically it is of no less importance dian the physical zones. 

The Lithosphere is the outer solid shell or crust of the earth. 
It is made of rocks in great variety, and on the lands it is 
commonly covered by a blanket of soil or other loose deposits, 
such as desert sands. The depth to which the lithosphere 
extends downwards is a matter of definition : it depends on 
our conception of the crust and of what lies beneath. It is 
usual to reg^d the crust as a heterogeneous shell, possibly 
about 30 miles thick, in which the rocks at any given level are 
not everywhere the same. Beneath the crust, in what may be 
called the substnOum, the material at any given level appears 
to be practically uniform, at least in those physical properties 
that can be tested. Some authors use the term ‘‘ lithosphere ” 
to include both crust and substratum. 

The dominant rocks occurring in the crust fall into two 
contrasted groups : 

(a) light rocks, including granite and related types, having 
an average specific gravity or density '* of about 2*7. Chemi- 
cally these rocks are very rich in nlica, while o/iunina is the 
most abundant of the remaining constituents. Since it is 
often desirable to refer to them as a whole, such rocks are 
collectively known by the mnemonic term sial, 

(h) Dark and heavy rocks, including basalt and related 
types (density about 2*9-S»0) and still heavier rocks (ranging 
in density up to about 3*4). In diese rilka (4<H10 per cent.) 


* of a substance: 


. t he mass of any volun i e of the sid istance. 
*&e mass of an equd~v(^uiqe of yiSSr 


The dnu^ly of a u the mus of unit volume of the substance, generally 

' CKp P Ose d as tike in grams of one cubic oentunetre. Since 1 c.c» of yfater haa 
Amm^lgm,,tbcdamiyo{wtitcrhL In units specie gn^and 4^ 

aienutb^dodly ^ 


9 



THE SHAPE AND SDKPACE KEUEF OF THE EARTH 

is Still the leading constituent, though it is much less abundant 
than in granite (70 per cent.). In the heavier rocks of this 
group magnesia takes second place, and the whole group is 
conveniently known as sima. When it is necessary to make 
the distinction, the basaltic rocks are sometimes referred to as 
sdsima. The sial is the dominant material of the continental 
crust down to a deptii of several miles, while the smia forms 
the foundations of the ocean floor and extends bed|eath the 
continents. Samples of the sima, represented by f basaltic 
lavas, are brought to the sur&ce by many continental and 
oceanic volcanoes. 

Continents and Ocean Floors 


The surface of the crust reaches very different levels in 
different places. The areas of land and sea floor between 
successive, levels have been estimated, and the results can be 
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Hypaognphic curve, showing the areas of the earth’s solid surface between iiuwea* 
sive ievels from the faintest motmtaiti peaia to the d f ep f a t de^M 

p^aphically represmted as shown in Fig. 2. From this diagram 
it is clear that there are two dominant levels : tiie continental 
platform and the oceanic deep-sea platfinm. The slope 
cmine^tiag them, which is actually quite gehtie, is 
daptii^tw sj^ope. 

■ •it'-' ' ■ ■ • .. go 
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The continental platform includes a submerged outer 
border, known as the continental shelf, which extends beyond 
the shore zone to an average depth of about 100 &thoms or 
200 metres. Structurally, the real ocean basins must be 


SOME NUMERICAL FACTS ABOUT THE EARTH 


Size 

Equatorial diameter of the earth 
Polar diameter of the earth . 
Equatorial circumference 
Polar circumference 


Area 


Area of the sea floor (70*78 per 
cent.^ • • . . . 

Area of the lands (29*22 per cent.) 
Total area of the earth . 


Km. Miles 

12,767 7,926*7 

12,714 7,900*0 

40,077 24,902 

40,000 24,860 


Millims 

Sq. km. Sq. miles 

. 361 139*4 

. 149 67*5 

. 510 196*9 


Volume, Density, and Mass 

MiBians^ 

Cu. km. Vu. mUes 

Volume of the earth . ■ . . 1,082,000 269,600 

Density (d* the earth . 6‘527 

Mass of the earth . 6,876 million million million tons 


Relief 


Metres 

Greatest known hdght : 

Mt. Everest . . 8,840 

Avers^e hdght of the 

land. ... 825 

Mean level o£ the sur- 
face (land and sea) 260 
Mean levd of die litho- 
sphere . . . 2,450 

Average di^th of the sea 3,800 

Greatest known depth : 

Swire Deep . . 10,800 


Fee* 

29,140 above sea level 

2,707 „ 

820 „ ,, 

7,040 bdow sea levd 
12,460 „ 

34,430 „ 
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regard^ as commencing, not at the visible shoreline, but at 
the edge of the shel£ The basins, however, are more than 
full, and the overflow of sea water inundates about 11 million 
square miles of the continental platform. The North Sea, 
the Baltic, and Hudson Bay are examples of shaBow seas 
(epicontinental or shelf seas) which lie on the continental 
shelf. It is of interest to notice that during the Ice /i^e, when 
enormous quantities of water were abstracted fi:om tM oceans 
to form the great ice sheets that then lay over Europe and 
North America, much of the continental shelf must h^e been 
land. Conversely, if the ice now covering Antarctica and 
Greenland were to melt away, the sea level would rise and the 
continents would be still further submerged. 

The continents themselves have a varied relief of plains, 
plateaus, and mountain ranges, the last rising to a m aximum 
height of 29,140 feet (Mt. Everest). The .ocean floors, except 
locally, are less vigorously diversified than the continents, but 
island and submarine ridges and plateaus rise from their 
normally monotonous surfaces, and basins and deeps sink to 
more than average depths. The deepest soimding so fiu: made 
is 34,430 feet (Swire Deep, off the Philippines). Fig. 2 might 
suggest that the greatest deeps are farthest away fix}m the 
lands, but such is not the case. The deeps lie close in to the 
continental edge, and along the Asiatic side of the Pacific they 
are particularly strongly developed. 

From the %ures given above it is dear that the total 
verticd range of the smface of the lithosphere is just over 
12 miles. To grasp the true relation between the surface 
relief and the earth itself, draw a drde with a radius of 2 inches. 
A modorately thin pencil line has a thickness of about l/lOO 
inch. If 2 inches r^resents 4,000 miles, then the thiflmww of 
the oudine of the drde represents 20 miles. On thja the 
relief Is all contained wdl within the ihifJmwM of a pencil 
line. 

Neverthdess, the relief is very great by human standards, 
^ Ite quwticm arises how ft is that there a« sudi di&m^ 

very wdl have beds a smooth g^obe 
a urntd^to oceanic cover. Jutt how it comes idKmt that 

tM ' ' 
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continental land areas exist at all is still an unsolved problem. 
But there is no mystery in the fact that the continents stand 
up like platforms above the ocean floor. Like ships riding 
light, the continents protrude just because their rocks (sial) 
are light compared with the heavier rocks (sima) which 
tmderlie the ocean floor. In the same way, mountain langes 
stand high above the continental platforms because the sialic 
rocks beneath them go down to correspondingly greater 
depths. High mountains have deep “roots” (see Fig. 4). 
To imderstand how these curious facts came to be ascertained 
it is convenient to begin by considering the effects of gravitation 
and rotation on the shape of the earth. 


The Shape of the Earth 

The first voyage around the world, begun at Seville by 
Magellan in 1519 and completed at Seville by del Cano in 
1622, established beyond dispute that the earth is a globe. 
To-day, aviators could fly round the earth in any direction in 
a few days. But long ago the nearly spherical form of the 
earth had been inferred firom a variety of observations, e.g. 
the circular boundary of the earth’s shadow on the moon 
during an eclipse, and the circularity of the horizon, wherevor 
obsorved, combined with the fact that its distance * increases 
with the altitude of the observer. 

The reascm for the spherical shape of the earth became 
dear when Newton discovered the law of gravitation. All the 
particles of the earth are pulled towards the centre of gravity 
and the spherical shape is ^e natural response to the maximipn 
possible concentration. Even if a body the nze of the earth 
were stronger than steel, it could not maintain a shape such 
as, let us say, that of a cube. The pressure exited by 
the weight of the edges and comm would squeeze out 
matorial in depth. Equflibiiom would be reached only when 

* TIk d iitiie e of die faocuon ia miles is given very dosdy .hy dss iNi|>)e 
eipwdop VSi7S;vdierf Jiiithealdtudeoftiweyem FVott|ia«afi«iitae 

•t n iidl(^ Of 20,000 ieet, example, the aviator can see places 174 miles rnsny. 
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the faces had bulged out, and the edges and comers had sunk 
in, until every part of the surface was equidistant from the 
centre. 

The earth is not exactly spherical, however. Again it was 
Newton who first showed that, because of the earth’s daily 
rotation, its matter is affected not only by inward gravitation, 
but also by an outward centrifugal force, which r^hes its 
maximum at the equator. He deduced that there should be 
an equatorial bulge, where the apparent value of gra^ty was 
reduced, and a complementary polar flattening, wh^e the 
centrifugal force becomes vanishingly small. Clearly, if . this 
were so, the length of a degree of latitude across the equator 
would be shorter than in the far north. Expeditions were 
despatched to Peru in 1735 and to Lapland in 1736 to test 
this idea, and Newton’s deduction was confirmed. If the 
smface of the earth were everywhere at sea level its shape 
would closely approximate to that of an ellipsoid of rotation 
(or spheroid) with a polar diameter of 7,900 miles, nearly 
27 miles shorter than the equatorial diameter. 

How is it, then, that the earth is not exactly a spheroid ? 
The reason is that the crustal rocks are not everywhere of the 
same density. Since the equatorial bulge is a consequence of 
the relatively low value of gravity around the equatorial zone, 
it follows that there should be bulges in other places where 
gravity is relatively low ; that is to say, wherever the outer 
part of the crust is composed of light sialic rocks. Such places 
are die continents. On the other hand, wherever the outer 
part of the crust is composed of heavy rocks (sima) the surface 
should be ccnrespondingly depressed. Such regions are the 
ocean basins. 

The earth is in gravitational eqiiilibrium. If there were 
no rotation and no lateral differences in the denrity of die 
rocks, the earth would be a sphere. As a result of rotation 
it becomes a sphermd. As a fiirther result eff density diffrrences ■ 
in ^e crustal rocks, continents, mountain ranges, and oceanic 
basins occur as irr^;ularities superimposed upon the 
of the spheroid. 
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ISOSTASY 

For the ideal condition of gravitational equilibrium that 
controls the heights of continents and ocean floors, in accord- 
ance with the densities of their underlying rocks, the term 
isosta^ (Gr. isostasios, “in equipoise”) was proposed by 
Dutton, an American geologist, in 1889. The idea may be 
grasped by thinking of a series of wooden blocks of different 
heights floating in water (Fig. 3). The blocks emerge by 
amounts which are proportional to their respective heights ; 



Wooden blocks of different heights floating in water (shown in 
front as a section through the tank), to illustrate the conception of 
isostatic balance between adjacent columns of the earth’s crust 

they are said td be in a state of hydrostatic balance. Isostasy 
is the corresponding state of balance which exists between 
extensive blocks of the earth’s crust, which rise to difforent 
levels and appear at the surface as mountain ranges, wide- 
spread plateaus, or plains. The idea implies that thoe is a 
certain minimum level below the surface, where the pressure 
due to the weight of the material in each unit colmnn of the 
crust is everywhere the same. This isopiestic (uniform pressure) 
level may be regarded as the base of the crust or lithosjfliere. 
The earth’s nuyor rdief is said to be compensated by the difibr- 
ences o£ density witlun the crust, and the level where the 
(x>mpaisation is complete, Le. the isopiestic leviS, is often 
referred to as the kod of compensaiion. Natumlly, indivkh^d 
peaks and valleys are not separately balanced in this wa^ ; 
the mbyw rdief features of the suz&ce are easily ibainlidi^ 
by the (Strength of the crustal rocks. As potiUed ^ 
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perfect isostasy is raidy attained, though there is generally a 
remarkably close approach. 

If a mountain range were simply a protuberance of rock 
resting on the continental platform and wholly supported by 
the strength of the foundation, then a plumb line — such as is 
used for levelling surveying instruments — ^would be ideflected 
firom the true vertical by an amount proportions to the 
gravitational attraction of the ma^ of the motmta^ range. 
The first hint that mountains are not merely masses |tudt on 


Mountain 

Plateau 


ContinentQl 

Shelf Se a Level 
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Diagrammatic section through the earth’s crust to illustrate the relationship 
between surface features and the probable distribution ofsial and rima |n depdu 
Based on gravity determinations and exploration of the crustal layers by earth* 

quake waves 


the crustwas provided by the Peru expedition of 17S6, Bouguer 
found that the deflection of the plumb line by the Andes was 
surprisingly small, and he expressed his suspicion that the 
gravitatioxial attraction of the Andes is much smaller than 
that to be expected from the mass represented by these moun* 
tains/* Similar discrepancies were met with during the survey 
of the Indian lowlands south of the Himalayas. The attraction 

nf* tVlIik J XT* 1 j 


to be sufiicient to deflect the plumb line by at least 16 seconds 
of arc, but the real deflection found by Everest was only 
6 seconds of arc. Even more ronarkable was the observation 
that along the south coast of the Bay of Biscay the idumb fine 

actually di^bcted towards the Bay instead of towards the 
i lienees. , 

■ i6 


iHSTRIBXmON OF LAND AND SEA 

Only one physical explanation of these discrepancies is 
available. There must be a deficiency of mass in the crustal 
columns underlying the visible mountain ranges, i.e. the density 
of the rocks must be relatively low down to considerable depths. 
The possible density distributions are, of course, infinite. 
Fortunately, we know something of the rocks within the crust 
and can say what the probable densities are. Moreover, earth- 
quake waves can be used to explore the depths (see page 
371), and evidence firom this source indicates that mountain 
ranges have sialic roots going down to depths of 40 km. or 
more ; that under plains near sea level the thickness of the 
sial is only 10 or 12 km. ; and that beneath the ocean floor 
the sial is either absent or quite thin. Fig. 4 illustrates an 
approximation to the structure of the crust in relation to the 
surface relief. 


The Distribution of Land and Sea 

Certain peculiarities in the distribution of land and sea 
have aroused discussion ever since the main features of the 
earth’s surface were discovered. 

1. The marked concentration of land in the northern hemi- 
sphere and of water in the sotuthem, combined with a reversal 
of this contrast in the polar regions. 

2. The occurrence of 81 per cent, of all the land in the 
‘*land hemisphere,” which has its pole in Brittany and in- 
dudes North America, Europe, Asia, and Afiica and more than 
half of South America ; and the predominance of water in 
the corresponding ” water hemisphere,” which has its pole 
near New 2^aland. The following figures bring out these 
differences : 



Percentage 
of land 

** Land hemisphere” . 

. 49 

Northern hemisphere . 

. 39 

Whole earth 

. 29 

Southern hemisphere . 

. 19 

** Water hemis{fl»re” . 

. 9 ; 

17 
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8. The southerly extension of the three continental Mocks 
of South America, Africa, and Australia. 

4. The antipodal relation between land and sea. 44-6 per 
cent of the sur&ce has sea opposite sea, but only 1*4 per cent 
has opposite land. 96 per cent, of the land is antipodal 
to sea. ; !| 

The so-called Tetrahedral hypothesis— now abandoned^ 
was an ingenious attempt to “ explain ” points 1, 3, and ^ 
A tetrahedron is a three-dimensional bounded by fotif 
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To illustrate the ** tetrahedral distribudon of continents and oceans 

equilateral triangular faces, like a three-sided pyramid with 
a triangular base. Since, for a given surface area, a sphere is 
the regidar figure with Ae greatest volume, while the tetra- 
hedron is the regular figure with tht; smallest volume, it was 
thoitght that a contracting globe would tend to shrink towards 
a tetrahedral form. Thus, regarding the earth as a contracting 
^obe, the ocean de|Mresdons would — on this view — ^be pro- 
duced by aq irregular colla{Me of the crust on a shrinking 
interior; tlw Pacific, Indian, Atlantic, and Arctic oceans 
fo the four tetrahedral foces, while the oonii- 
smite wDold' be left as the elevsded re^^ons contmning the 
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edges and corneis (Fig. 6). It is true that the present-day 
pattern of land and sea is crudely emulated by a “ tetrahedron” 
mounted on an apex representing the Sou& Pole, though it 
should be noticed that the tetrahedron has to have one fiice — 
corresponding to the Pacific — very much largor than the others. 

A fatal objection to the tetrahedral hypothesis is that an 
earth with a homogeneous crust could never have contracted 
towards a tetrahedral form, the reason being that any approach 
to a tetrahedron in a body with the mass of the earth would be 
gravitationally unstable and inconsistent with isostasy. The 
weight of the upstanding edges and comers (if they ever de- 
veloped) would be so great that they would sink in again 
until the stable form of a globe was restored. A very small 
globe could contract to a form resembling a tetrahedron ; an 
enormous one, like the earth, could not. 

’ Now we have already seen that the continents are essentially 
rafts of light sial, surrounded by ocean floors of heavy sima. 
It is for this reason that the continents stand high above the 
ocean floors. But mere collapse of the crust on a shrinking 
interior could not possibly have changed the chemical and 
mineral composition of the crust so that the rocks of the 
tetrahedral edges and corners became light enough to continue 
to stand up, or those of the faces so heavy that they would stay 
depressed. Thus we see that contraction could not account 
for the distribution of the continents without also accounting 
for the distribution of the sial, and this it cannot do. 

Our problem is thus carried a st^e further back, to that 
of the rafts of sial that constitute the continents. The material 
of the sial may be regarded as a kind of light slag which 
accumulated at the surface during the earth’s consolidation 
fi'om a molten state. We should expect it to have accumu- 
lated uniformly, so that it would everywhere form the upper 
layo: of the crust. Where, then, is &e sialic material that 
is missing firom the ocean floors? Obvioudy, it must be 
either in the earth or outside the earth, and speculative answers 
have been based on each of these alternatives. 

If part the tial was removed fixim the earth, the moon 
is the most probable phce to look for k. Ihe moon prbbaifly 
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sq)arated from the earth at a very early stage in the history 
of our planet. If a sial shell had already formed before the 
moon was bom, much of it must have been carried away 
when the great rupture occurred. Long ago it was suggested 
that the vast Pacific basin might be a relic of the scar that was 
left behind, and it has since been discovered that this is by 
far the greatest of the regions firom which a cover of siU is 
lacking. This hypothesis is an attractive one, but unfortun* 
ately it has to meet the great difficulty that ffie moon co^d 
only have separated while the parent planet was still m- a 
molten state, i.e. before there could have been a sial shell. 
By the time the sial had formed the interior would almost 
certainly have become too stiff for separation of die moon to 
be mechanically possible. 

If the missing sial is still in the crust, it must be concentrated 

Fio. 6 

C]!onvection currents in a 
layer of liquid uniformly 
heated from below 

in the continental rafts. A due as to how such a concentration 
might be brought about is provided by observing the behaviour 
of the light scum on the su^ce of jam which is gendy boiling. 
The heat firom below keeps the jam slowly circulating (Fig. 6). 
A hot current ascends near the middle, and turning along at 
the surface, it sweeps the scum to the edges, where the current 
descends. The scum is too light to be earned down, and so 
it accumulates until it is dammed off. When the earth was 
molten it would cool by means of similar drculations. Con- 
vection currents would rise in certain-places, spread out 
horizontally, and then turn down s^ain. There are reasons, 
as we shall see in later chaptors, fin: suspecting that a sub- 
crustal drculaticm maystiU be goii^ on wit^ the earth, though 
now at an excessively slow rate. However, vdien the drcula^ 
tion was v^canui^ the hodzontal currents spreading out finm 
each ascei^^ current may have swq>t cotain r^ons dear 
of lial. These viPuld beemne ocean hadns. Where the 





AN imSOLVED PROBLEM 

horizontal currents of one convecting system met those of 
a neighbouring system they would be obliged to turn down, 
and the light sisil would thus become concmtrated in the 
regions overlying the descending currents. These regions 
would become continents. The “ convection current ” hypo- 
thesis is plausible, but as yet it is no more than an intelligent 
guess. The origin of the continents remains an unsolved 
geological problem. 
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Chapter III 


THE CHANGING FACE OF THE EARTH 

Weathering, Erosion, and Denudation 

'fiiE circulations of matter that are continually going on in 
the zones of air and water, and even of life, constitute a'.very 
complicated mechanism which is maintained, essentially, by 
the heat from the sun. A familiar example of such a circlila* 
tion is that of the winds. Another, more complex, is the 
circulation of water. Heat from the sun lifts water vapour 
from the surface of oceans, seas, lakes, and rivers, and wind 
distributes the vapoiu: far and wide through the lower levels 
of the atmosphere. Clouds are formed, rain and snow are 
predpitated, and on the land these gather into rivers and 
gladers. Finally, most of the water is returned to the 
oceanic and other reservoin from which it came (Fig. 7). 
These circulations are responsible for an important group 
of geological processes, for the agents involved— wind, rain, 
rivers, and glaciers — ^act on the land by breaking up the rocks 
and so produdng rock-waste which is gradually carried away. 

Part of every shower of rain sinks into the soil and promotes 
the work of decay by solution and by loosening the partides. 
Every frost shatters the rocks with its expanding wedges of 
freedng water (Plate 4a). Life also co-operates in the work of 
destruction. The roots of trees grow down into cracks, and 
assist in splitting up the rocks (Plate 4b). Worms and other 
burrowing animals bring up the finer particles of soil to the 
surface, vdiere they fall a ready prey to wind and rain. The 
soil is a phase through which much of the rock-waste of the 
lands must pass bdbre it is ultimatdy removed. The pro- 
duction of rock-waste by these various a gants^ partly by 
mechamcal breaking and partly by solutkm o h****^i*^^l 
decay, is describt^ as ttm^ering. 

Soon^ or later the products of we atheri ng are removal 
from their |daoe of formation. Blowing over the lands the 
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Th<; circulation of meteoric water. Part of the water which ascends from the 
depths by way of volcanoes reaches the surface for the first time ; such water 
is called juvenile water to distinguish it from the meteoric water already present 
in the hydrosphere and atmosphere 

winds pick up dust and sand and cany them far and wide. 
Glaciers grind down the rocks over wUch they pass during 
their slow descent from ice-fields and high mountain valleys. 
Rainwash and landslips feed the rivers with firagments, large 
and small, and these are not only carried away, but are used 
by the rivers as tools to excavate their floors and sides. And 
in addition to their visible burden mud and sand, the river 
waters carry an invisible load of dissolved material, extracted 
firom rocks and soils by the solvent action of rain and s<ril 
water, and by that of the river water itsd£ Winds, rivers, and 
gladers, the agents that carry away the products of rock- 
waste, are known as transporting agoits. All the destrudive 

, as 
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processes due to the effects of the transporting agents are 
described as erosion (L. erodere, to gnaw away). 

It is convenient to regard weathering as rock decay by 
agents involving little or no transport of the resulting products, 
iiTirl erosion as land destruction by agents which simultaneously 
remove the debris. Both sets of processes co-operate in wf aring 
away the land surface, and their combined effects a^ de- 
scribed by the term denudation (L. denudo, I make bare). \ 


Deposition of Sediment 

The sediment carried away by the transporting agents is 
sooner or later deposited again. Sand blown by the wind 
collects into sand dunes along the seashore or in the desert 
(Plate 5a). Where glaciers melt away, the debris gathered up 
during their journey is dumped down anyhow (Plate 5b), 
Ijb be dealt with later by rivers or the sea. When a stream 
enters a lake the current is checked and the load of sand and 
mud gradually settles to the bottom. Downstream in the open 
valley sand and mud are spread over the alluvial flats during 
floods, while the main stream continues, by way of estuary 
or delta, to sweep the bulk of the material into the sea. Storm 
waves thimdering against rocky coasts provide still more rock- 
waste, and the whole supply is sorted out and widely distributed 
by waves and currents. Smooth and rounded water-worn 
boulders collect beneath the cliffs. Sandy beaches accumulate 
in quiet bays. Out on the sea floor ^e finer particles are 
deposited as broad fiinges of sediment, the finest material of 
all being swept far across the continentel shelves, and even 
over the edge towards the deej^r ocean floor, before it finally 
comes to rest All these deposits are examples o£ sedimentary 
rodcs in the making. 

We have s^ to trace what happens to tlw invisible load 
of tfisstfived mineral matter that is removed fipom the land by 
rivc^. Some rivets flow into lakes that have no outlet save by 
evapmation into the air above them. The waters df such 
lakes rapidly betxnne salt because, as the famous 
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PLATE 5 



(B) Terminal and lateral mmrainea deposited by the Chisana 
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Halley realized more than two centuries ago, "the saline 
particles brought in by the rivers remain behind, while the 
fresh evaporate.” Gradually the lake waters become saturated 
and rock salt and other saline deposits, like those on the shores 
and floor of the Dead Sea, are precipitated. Most rivers, 
however, reach the sea and pour into it the greater part of 
the material dissolved from the land. So, as Halley pointed 
out, “ the ocean itself is become salt from the same cause.” 
But while, on balance, the salinity of the sea is dowly increasing, 
much of the mineral matter contributed to the sea is taken 
out again by living organisms. Cockles and mussels, sea- 
urchins and corals, and many other sea creatures, make shells 
for themselves out of calcium carbonate abstracted from the 
water in which they live. When the creatures die, most of 
their soft parts are eaten and the rest decays. But their hard 
parts remain,, and these accumulate as the shell banks of 
shallow seas, the coral reefs of tropical coasts and islands, and 
the grey globigerina ooze of the deep-sea floor. All of these 
are limestones in the making. Life, as a builder of organic 
sediments, is a geological agent of first importance. 

- The Importance of Time 

It will now be realized than while the higher regions of the 
earth’s crust are constantly wasting away, the lower levels are 
just as steadily being built up. Evidently denudation and 
deposition are great levelling processes. In the course of a 
single lifetime their effects may not be everywhere perceptible. 
Nevertheless they are not too slow to be measured. About 
half an inch has already been worn from the outer surface of 
the Portland stone with which St. Paul’s Cathedral was built 
two centuries ago. Britain as a whole is wasting away rather 
faste]>-<it an average rate of about one foot in three or four 
thousand years. At this rate a million years would suffice to 
reduce the varied landscapes of our coimtry^to a monotoimus 
plain. Evidently slowly acting causes are competent to produce 
enormous changes if only they continue to operate through 
suffidently long periods. 
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Now, geologically speaking, a million years is a com- 
paratively short time, just as a million miles is a short distance 
from an astronomical point of view. One of the modem 
triumphs of geology and physics is the demonstration that the 
of the earth cannot be much less than 2,000 million years 
(p. 106), Geological processes act very slowly, but geological 
time is inconceivably long. The effects of slow pnx^ses 
acting for long periods have been fully adequate to accWnt 
for all the successive transformations of landscape that \the 
earth has witnessed. 


Earth Movements 

It follows that there has been ample time, since land and 
sea came into existence, for Britain, and indeed for the highest 
land areas, to have been worn down to sea level over and over 
again. How then does it happen that every continent still 
has its highlands and mountain peaks ? The special creation 
theory, immortalized in the words : 

“ When Britain first at Heaven’s conunand 
Arose from out the azure main," 

is not very helpful, yet it does suggest a possible answer. The 
lands, together with adjoining parts of the sea floor, may have 
been upl^ed from time to time. Alternatively, the level of the 
sea may have fallen, leaving the land rdatively upraised. In 
either case there would again be land well above the sea, and 
on its surface the agents of denudation would begin afiresh 
their work of sculpturing the land into hills and valleys. An 
additional factor is the building of new land — ^Uke the volcanic 
islands that rise from oceanic depths-^y the accumulated 
products of volcanic eraptions. Each of these processes of 
land renewal has repeatedly operated in the course of the 
earth’s long history, but it is the first — the movement of the 
crust itself— which has most commonly and most effectivdy 
rguvenated the lands and compensated for their recurrent 
wastage. 

Rdative movements between land and sea are convincingly 
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proved by the presence in Islay and Jura, and in many other 
places, of typical sea beaches, now raised far above the reach 
of the waves (Plate 6). Behind these raised beaches the corres- 
ponding clifis, often tunnelled with sea caves, are still preserved. 
In Scandinavia and Peru old strand lines can be traced which 
rise from near sea level in the south to heights of hundreds 
of feet in the north. Such tilting of the shores shows that the 
movements involve actual upheaval of the crust and not 
merely withdrawal of the sea. The former uplift of old sea 
floors can be recognized in the Pennines, where the grey 
limestones contain fossil shells and corals that bear silent 
witness to the fact that the rocks forming the hiUs of northern 
England once lay under the sea. The most spectacular example 
of uplift is provided by Mount Everest, the summit of which 
is caived out of sediments that were originally deposited on 
the sea floor of a former age. 

When earth movements take place suddenly they are 
recognized by the passage of earthquake waves. In certain 
restless belts of the crust, for example in Japan, there may be 
several shocks every day, occasionally with terribly disastrous 
consequences. Exceptionally, as in Alaska, upward jerks of 
more than forty feet have been observed, but usu^y the 
movements are'on a smaller scale. 

If crustal movements wer6 all vertical, then uplifted beds 
of sediment from the sea floor would generally be found lying 
in nearly horizontal positions. So, indeed, they often are, 
but in many places they have been corrugated and buckled 
into folds (Plate 7) in much the same way as a tablecloth 
wrinkles up when it is pushed along the table. The layers 
of rock seen in the clifft and on the rocky foreshores of parts 
of Devon and Berwickshire have been folded tightly together, 
like the pleats of a closed concertina. If the tablecloth is 
pushed along still further after a fold has appeared, the fold 
will gradually turn over and overlap the flat part that is being 
pushed along. So also in the rocks. In many an Alpine pre- 
cipice great sheets of rock are visibly oveifolded ” in just 
the same way, so that parts of them now lie upside down (see 
Plate 81). 
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Such amazing structures as these show that certain parts 
of the earth’s crust have yielded to horizontal compressive 
forces of unimaginable intensity. All the great mountain 
ranges of the world are carved out of rocks that have been 
folded and crumpled and overthrust. Long belts of the crust 
have been so squeezed and thickened that they had no alter- 
native but to rise to mountainous heights. \ 

The crustal movements have not always and everywnere 
been upwards. That parts of the land surface have recently 
subsided is proved by the local occurrence around oiir shd^ 
of submerged forests uncovered only at the lowest tides, ^t 
there seems never to have been a time when all the lands were 
submerged at once. Earth movements and volcanic additions 
to the surface have evidently been fully competent to restore 
the balance of land and sea whenever that balance has been 
threatened by the levelling processes of denudation. Most of 
the sediments originally deposited on the shallow sea floor, 
sometimes hardened and cemented into firm and durable 
rocks, sometimes bent and twisted into intricate folds, some- 
times accompanied by lavas and volcanic ashes, have sooner 
or later been upheaved to form new lands. 


Volcanic and Igneous AcTxvrry 

Earth movements are not the only manifestations of the 
earth’s internal activities. Volcanic eruptions provide a most 
spectacular proof that the earth’s interior is so hot that locally 
even the crustal rocks pass into a molten state. A volcano is 
essentially a rifit or vent tiirough which maffm (molten rock 
material highly charged with gases) from the depths is erupted 
at the surfrce as flows of lava or as explosive douds of gases 
and volcanic ashes. Ms^ma may readi the surface through 
long fissuKs, from which lavas spread over the surrounding 
country, fifling up the valleys and forming widespread volcanic 
{flains or pU^t^ius. In the more fmniliar volcanoes the mapia 
ascends trough a central pipe, around which the la^ and 
ash^ accumulate to fisrm a more or less conical volcanic 
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Fig. 8 
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Dartmoor : a large granite intrusion now exposed by denudation and carved 
into a landscape of hills and valleys 


mountain. Thus volcanic activity is a constructive process 
whereby new materials are brought to the surface, and new 
topographic forms built up. ' 

Volcanic activity is only the surface manifestation of the 
movement through the earth’s crust of magma generated in 
the substratum or in exceptionally heated regions of the crust 
itself. The new rocks formed in the crust from magma that 
failed to reach the surface are called intrusive rocks, to distinguish 
them from lavas, which are called volcanic or extrusive rocks. 
In many places intrusive rocks are exposed to observation, as 
on Dartmoor, as a result of the removal of the ordinal cover 
by denudation (Fig. 8). All rocks which owe their origin to 
the solidification of magmas in depth (intrusive rocks) or of 
lavas at the surface (extrusive rods) are described as igneous 
rocks (L. ifftis, fire). This ddinition of igneous rocks is, how* 
ever, not quite complete (see page 67). 
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Metamorphism of Rocks 

When crustal rocks come under the influence of (a) the 
intense pressure or stress accompanying severe earth pove- 
ments ; (b) the increased temperature associated with i^eous 
activity ; or (r) chemically active gases and liquids\from 
magmatic sources, they respond by changes in structure and 
mineral composition, and so become transformed into mew 
types of rocks. All such changes are described as metaimrph^, 
and examples of them will be considered in the follovdng 
chapter. Here the term is introduced to draw attention to the 
fact that rocks respond to the earth’s internal activities not 
only by crumpling or by fusion, but also by recrystallization. 
It must be carefully noticed that metamorphism is the very 
antithesis of weathering. Both processes bring about great 
changes in pre-existing rocks, but weathering is destructive 
while metamorphism is constructive. Instead of reducing a 
pre-existing rock to a decaying mass of rock-waste and soil, 
metamorphism brings about its transformation, often from a 
dull and uninteresting-looking stone, into a crystalline rock of 
bright and shining minerals and attractive appearance. 


Summary of the Geological Processes 

It will now be clear from our rapid survey of the leading 
geological processes that they fall into two contrasted groups. 
The first group — denudation and deposition — ^includes Ae 
processes which act on the crust at or very near its surface, 
as a result of the movements and chemical activities of air, 
water, ice, and living organisms. Such processes are essentially 
^ external origin. The second group— earth movements, 
igneous activity and metamorphism — includes the processes 
wMch act within or through the crust, as a result of the physical 
and chemical activities x£ the material of the substratum and 
magnm formed in or passing through the enut. Such 
jHOcesses are essentially trf internal origin. 
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CLASSIFICATION OF PROCESSES 


Both groups of processes operate under the control of 
gravitation (including attractions due to the sun and moon), 
co-operating with the earth’s bodily movements — rotation 
about its axis and revolution around the sun. But if these 
were aU, the earth’s surface would soon reach a state of approxi- 
mate equilibrium from which no further changes of geological 


CLASSIFICATION OF GEOLOGICAL PROCESSES 


I. Processes of External Origin 

1. Denudation (Weathering, Erosion, and Transport) 

Sculpturing of the land surface and removal of the products 
of rock decay mechanically and in solution 

2. Deposition , 

(a) of the debris transported mechanically 
{e.g. sand and mud) 

{h) of the materials transported in solution : 

(i) by evaporation and chemical precipitation 

{e.g. rock salt) 

(ii) by the intervention of living organisms 
\e.g. coral limestone) 

(c) of organic matter, lately the remains of vegetation 
{e.g. peat) 

II. Processes of Int^ial Origin 

1. Earth Movements (including Earthquakes) 

Uplift and depression of land areas and sea floors ; and 
mountain building by lateral compression (folding and 
overthrusting) of rocks 

2. Igneous Activity 

The intrusion of magmas and the extrusion of lavas and 
other volcanic products 


3. Metamorphism 

The transformation of pre-existing rocks into^ new types 
byi the action of heat, pressure, stress, and chemkally active 
Heating fluids. 
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significance could develop. Each group of processes, to be 
kept going, requires some additional source of energy. The 
processes of external origin are specifically maintained by the 
radiation of heat from the sun. Those of internal origin are 
similarly maintained by the liberation of heat finm the stores 
of energy locked within the earth. | 

Throughout the ages the face of the earth has been changing 
its expression. At times its features have been flat and mono- 
tonous. At others — as to-day — ^they have been bold\ and 
vigorous. But in the long struggle for supremacy between 
the sun-bom forces of land destruction and the earth-bom 
forces of land renewal, neither has permanently gained the 
mastery. 


ISOSTASY AND GEOLOGICAL PROCESSES 

It will now be realized that geological processes bring 
about changes that must inevitably upset the ideal state of 
isostatic balance which gravitation ten^ to establish. When 
a mountain range is carved into peaks and valleys and gradually 
worn down by the agents of denudation, the load on the under- 
lying column of the cmst is reduced by the weight of the rock- 
waste that has been carried away. At the same time a neigh- 
bouring column, underlying a region of delta and sea floor 
where the rock-waste is being deposited, recdves a corres- 
ponding increase of load. Unless a complementary transfer 
of material occurs in depth, the two columns cannot remain in 
isostatic equilibrium. At the base of the crust the pressure 
exerted by the loaded column is increased, while that exerted 
by the unloaded colunm is decreased.. In response to this 
pressure difference in the substratum a slow flowage of material 
is set up, as illustrated in fig. 9. The loaded column sinks 
and the unloaded one rises. This process, wdiereby isostasy 
is restored, is called xsosMAc readjustment. 

The upper part of the substratum consists of hot rock 
material which probably tfiffers frmn the crystalline rocks 
se^ at ffie suriace by being much ridier in gases. Acting 
1^ molecular bam>earings, the gases facilitate flowage but 

Sa 





(A) 


[ti.M. heol. i>ut 

- -loot rawed beach, with sea cave in the quartzite clifl’ behind, 
Loch Tarbert, Jura 


' 



(B) lOO-foot raised beach, west of Rhuvaal Lighthouse, Isl^ 


RAISED SHORE LINES 





Folded Jurassic strata, the Stair Hole, west 


ISOSTATIC READJUSTMENT 

nevorthdess the movement is extremely sluggish. Moreover, 
in some regions it appears that the substratum material is not 
altogether devoid of strength. It then behaves as a plastic 
substance (with a little strength) rather than as a viscous 
substance (with no strength) . In this case no flowage is possible 



Fio. 9 


Section illustrating isostatic readjustment in response to denudation and deposition 


until the departure from isostasy is suffident to set up a pressure 
difference that can overcome the strength. The region con- 
cerned will therdbre remain slightly out of isostatic balance. 
In practice, perfect isostasy is rarely attained, though there is 
generally a remarkably close approach. 

It may happen that certain processes disturb the pre- 
existing isostatic balance much more rapidly than it can be 
restored by deep-seated flowage in the substratum. For 
exaimple, when the thick European and North American ice- 
sheets began to melt away towards the end of the Ice Age, 
about 26,000 years ago, these regions were quickly relieved of 
an immense load of ice. The resulting uplifts which then 
began are still activdy in progress. Far above the shores 
of Finland and Sc andinav ia there are raised beaches which 
show that a m aximum uplift of nearly 000 feet has already 
occurred, and every twenty-eight years another foot is added 
to the total all around the northmi end of the Gulf of Bothnia. 
The r^ion is still out of isostatic balance, and it can be 
that it has still to rise another 700 feet or so, before 
equilibrium can be reached. 
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A common misunderstanding about isostasy is that it is 
responsible for earth movements of all kinds. It must, there- 
fore, be clearly realized that isostasy is only a state of balance ; 
it is not a force or a geological agent. It is the disturbance of 
isostasy by denudation and deposition, earth movemen,^ and 
igneous activity, that brings into play the gravitationalsiiforces 
that restore isostasy. The restoration involves vertical Move- 
ments of the crust which are additional to the earth move- 
ments brought about by the independent activities of the 
earth’s interior. 
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Chapter IV 


MATERIALS OF THE EARTH’S CRUST : MINERALS 

Elements and Crystals 

The vast majority of rocks are aggregates of minerals. Of the 
remainder, some, like pumice, are made of volcanic glass, 
while others, like coal, are composed of the products of oi^anic 
decay. All these ingredients in tmn are made of atoms of the 
chemical elements. Although nmety-four different elements 
are now known, nine of these are so abundant that they 
make up more than 99 per cent, of all the many thousands of 
rocks that have been analysed. Many of the others, such as 
gold, tin, and copper, though extremely rare in ordinary 
rocks, are locally concentrated in ore deposits that can be 
profitably worked. 

AVERAGE COMPOSITION OF CRUSTAL ROCKS 
(After Clarke and Washington) 

In Terms of Elements In Terms of Oxides 


Name 

Symbol 

Per cent. 

*Name 

Formula 

Per cent. 

Oxygen 

O 

46*71 

Silica 

SiO, 

5907 

Silicon 

Si 

27*69 

Alumina 

aiA 

15*22 

Aluminium 

Iron 

A1 

Fe 

8*07 

5*05 

Iron oxides * 

/Fe%&, 

\Fc"0 

Ml}'*' 

Calcium 

Ca 

3*65 

Lime 

CaO 

5*10 

Sodium 

Na 

2*75 

Soda 

Na,0 

K,0 

3*71 

/Potassium 

Magnesium 

K 

2*58 

Potash 

3*11 


2*08 

Magnesia 


3*45 

Titanium 

Ti 

0*62 

Titania 

TiO, 

1*03 

Hydrogen 

H 

0*14 

Water 

H,0 

1*30 


99*a4 ft8'80 


Some of the dements, e.g. gold, copper, sulphur, and 
carbon (as diamond and graphite), make minerals by them- 

* It should be noticed that iron makes two kinds of oaddes, distinguished as 
ferrous oxide, FeO, ^d ferric oxide, FciO^. If it is desired to discriminate between 
the two corresponding states in wUch iron can exist, ferrous iron is represented 
by Fe" and ferric iron by Fc% 
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MATERIALS OF THE EARTH’s CRUST : MINERALS 

selves, but most minerals are compounds of two or more 
elements. Oxygen is by far the most abundant element in 
rocks. In combination with other elements it forms com- 
pounds called oxides, some of which occur as minerals. As 
silicon is the most abundant element after oxygen, it is not 
surprising that silica, the oxide of silicon, SiOj, should* be the 
most abundant of all oxides. Silica is familiar as quptz, a 
common mineral which is specially characteristic of granites, 
sandstones, and quartz veins. The formula, SiOj, is a pimple 
way of expressing the fact that for every atom 
of silicon in quartz there are two atoim of 
oxygen. Qjiartz has, therefore, a perfectly 
definite composition. The formulae for other 
oxides and compounds of other types may be 
similarly interpreted. 

In the cavities of mineral veins quartz can 

be found as clear transparent prisms, each 

with six sides and each terminated by a 

pyramid with six faces (Fig. 10). The old 

Greeks gave the name crystal {knistallos, clear 

Doubly ttrauna^ ice) to these beautiful forms, and to this day 
crystal of quartz ' . . .,i . i 

water-clear quartz is stiU known as rock 
crystal (Fig. 11). Most other minerals and a great variety of 
chemically prepared substances can also develop into sym- 
metrical forms bounded by flat faces, and all of these are now 
called crystals. It is an old joke in the world of crystallography 
that the beauty of a crystal depends on the planeness of its 
faces. In recent years the study of crystals by means of X-rays 
has revealed the fact that the symmetrical shape is simply the 
outward expression of a perfectly organized internal structure. 
The atoms of which a crystal is composed are arranged in an 
orderly fashion, the different kinds of atoms being built into 
a definite pattern which is repeated over and over again, as 
in the design a wallpaper, except that in crystals the design 
is in three dimdisions. 

Every crystalline chemicd compound has a characteristic 
tmit-pattoti, atui as the different ^ds of atoms are present 
ih ddEihIte profiortiohs, it follows that the crystals <£ any given 




ATOMIC PATTERNS 



[BriitjA Mustm {Nabml Histon) 

Fio. 11 

Group of quartz crystals ih>m Minas Geraes, Brazil 


compound have a definite and constant composition. It 
sometimes happens, however, that two (or more) related 
compounds may have the same atomic pattern ; they are 
then said to be* ismorphous. In isomorphous compounds the 
atoms of certain related elements are interchangeable in the 
crystal edifice, just as bricks of different colours can be built 
into a wall wi&out altering either the structure of the wall 
or its outward shape. In “ mixed ” crystals of this kind the 
compiosition is therefore not constant, but ranges between 
certain definite limits. 

In non-crystalline, or amorphouSt substances the atoms are 
arranged haphazardly, like the bricks in a tumbled heap. 
Examples of such substances are glass, opal, and limonite. 
Only a few non-crystalline substances are regarded, by 
common usage, as miner^, and these are g^erally (fistin- 
guished as vmerdmds. Apart firom these, all minerals are 
naturally occurring inoiganic crystalline substances, eadi of 
which has its own specific variety of crystal structure i the 
chemical composidon may be cmisiant (as in quam) or it 
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may vary (as in the felspars) within limits that depend on the 
degree to which the atoms of certain elements can substitute 
for those of other elements without changing the specific 
pattern of the atomic framework. 


Rock-forming Minerals 

Although about 2,000 minerals are known, most coihmon 
rocks can be adequately described in terms of a dozen or so, 
as the following table indicates. It is, therefore, well worth 
while to become familiar with these essential rock-forming 
minerals, and especially to learn something of their chemical 
compositions. An attempt is made here to present this mini- 
mum equipment of chemical knowledge as briefly as possible. 


AVERAGE MINERAL COMPOSITIONS OF SOME 
COMMON ROCKS 


Minerals 

Igneous Rocks 

Sedimentary Rocks 

QB 

Basalt 

Sandstone 

Shale 

Limestone 

Quartz . . 

31-3 


69*8 

31*9 

3*7 

Felspars .... 

62-3 

46*2 

8*4 

17*6 

2*2 

Micas .... 

11-5 


1-2 

18*4 

— 

Clay minerals . . 

— 


6*9 

10*0 

1*0 

Chlorite .... 

— 


M 

6*4 

— 

Hornblende . . . 

2-4 




— 

Aunte .... 

rare 

36*9 

-T 


— 

Olivine .... 





.... 

— 

Galdte and dolomite 


WM' 


7*9 

92*8 

Iron ora . . . 



1-7 

5*4 

0*1 

Other minerals . 


2*8 

0*3 

2*4 

1 

0*3 


Hie Student should refer to textboola for additional inferma- 
and above all he should handle typical specimens of 
mikaeiab^and rocks and examine actual ro^ exposures out of 
iKhmevor of^ 
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The following are the chief examples of oxide minerals : 

Quartz, SiOgs already referred to above. 

Hamatite, \ All important ores of iron. Magnetite is often 

Magnetite, Fe"O.Fc'"j03orFe^04l associated with Jlnmite, FeOTiOf, especially 
Lmmute, Fe'^^yOs.H^O J in basalts and rocks of similar composition 

Ice, crystalline water, H^O, the mineral of which glaciers and ice sheets are com- 
posed 


Silica combines with one or more of the other common 
oxides to form a group of extremely important rock-forming 
minerals called silicates. The most abundant of the silicate 
minerals are the felspars, nearly all of which are built up of 
the three compounds : 


Alkali 

felspars 


Orthoclase, Or, KAlSisOg 
Albite, Ab, NaAlSigOg 
AnorMte, An, GaAlgSigO 


^Plag^lase 


In the Alkali felspars the compounds Or and Ab are combined 
in limited proportions, Na and K being interchangeable to a 
limited degree in the crystal structure. Thus the mineral 
Orthoclase, the most familiar of the alkali felspars, generally 
contains a small amount of albite. Albite and anorthite, 
howevo:, are perfectly isomorphous (that is, they can combine 
in all proportions), thus forming a continuous series of minerals, 
known collectivdy as plagmlase. In this case the atomic 
group (NaSi) is interchangeable in the crystal structure 
with the atomic group (CaAl). The formulae for albite 
and anorthite can be written in a way that flakes clear 
the posidbility of this substitution : 


^^^^e^AnorthUc Al(CaAl)Si,Og 


Whoi albite is more abundant than anorthite ihe fdspar 
is called sodic or soda plagiodase. Varieties with anmihite 
in excess are distinguished as calcic or lime plagiodase. . 

Orthodase can be easily recognized as the cresun, fdnk, or 
grey mineral in granite. In some granites, like those of Com* 
wall or Shap (Fig. 12), large slab-l^ce crys^ of orthodast^ ah 
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inch or more in length, are sprinkled through the rock. When 
the crystals are broken across, the surfaces are smooth and glisten- 
ing. Orthoclase does not break just anyhow ; it “ cleaves ” 
along parallel cleavage planes in the crystal structure across 
which cohesion is comparatively weak. Just as in many, (Wall- 
papers the repetition of the unit pattern gives rise to a parallel 
series of “ open ” lines, so in the atomic pattern of a c^tal 
there may be similar “ open ” planes, and it is along mese 



[G. S, Sweeting 

Fig. 12 


A polished surface of Shap granite, showing large crystals of orthoclase em- 
bedded in a ground-mass of liner grain. The resulting pattern is described as 
perph^ritic texturey p. 45 

that the crystal splits most readily. Otjjioclase has two such 
sets of cleavage planes, and the mineral takes its name Scorn the 
fact that they are exactly at right aisles (Gr. orthos, rectan- 
gular ; dastos, breaking). Plagioclase has also two cleavages, 
but in this case, ^ugh nearly at ri^t angles, they are not 
eaactly so. Hence the name (plagios, oblique). 

When any of the felspars are decomposed (F,g. by weathor* 
btf or ot^er jproce^es involving addition <rf water), the usual 
;Veri^al prowcta are either (a) a very fine-gramed variety of 
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dAY MINERALS AND MICAS 

white mica (sec bdow) called seriate, or (J) a cfay mnend, of 
which there are severed varieties. Most c£ the day minerals 
are hydrous silicates of aluminium, with formulae such as 
Al4Si40io(OH)g or Al4Si404(0H)i4, but some varieties (as in 
biller’s earth) contain a little magnesium in addition. Under 
certain conditions in tropical climates all the silica may be 
removed from fdspars by weathering. The reddue then 
left is bauxite, a mixture of two aluminous minerals with the 
compositions Al 20 s.Hg 0 and AlgO^SHgO. Bauxite is of 
great value as the only workable ore of aluminium. 

Qpartz and felspars (orthodase and sodic plagiodase) are 
the characteristic minerals of the sialic rocks, tc^ether with 
micas, of which there are two leading varieties : 

Wlrite mica or Muscovite KAla(SigAl)04o(OH)B 

Dark ndca or Biotite . K(Mg,Fc") 8 (SiW^)OM(OH),. 

The expression (Mg, Fe”) in the formula for biotite means that 
Mg and Fe" are interchangeable in the atomic structure of 
the ciystals. Similarly, A 1 and Fe'" are interchangeable, and 
fluorine (F) may take ihe place of some of the (OH). Biotite 
has therdore a considerable range of composition, and the 
formula given is merdy illustrative of the possibilities. Micas 
all have a perfect deavage, because thdr atoms are arranged 
in paralld layers, and splitting betweoi the layers is very 
much easier than tearing across them. Cleavage flakes of 
mica are both flexible and dastic. From certain occeptionally 
coarse varieties of granite, sheets of mica can b^ obtained 
which are large enough to be used for lamp cbi^eys and 
furnace windows. 

Certain rocks of the kinds grouped together as sima {e.g. 
basalt) contain caldc plagiodase, but o^ers are free firam 
felspar. All of the sima rocks, however, are characterized 
by the abundance or predominance heavy, greondi 
silicate minerals rich in mt^esia and iron mddes, and 
therefore commonly known as ferromagnesian xmaerak. 
The leading ferromagnesian minerals are biotite a gtKmp 
known as the fj^romus, a group known as the an^dboks. 
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The common pyroxenes may be regarded as built up of 
compounds such as 

CaSiOs Twith or without 
MgSiOs- Al20t and 
FeSiO, I Fe,0, 

The chief non-aluminous pyroxene is 

Diopside . . . Ca(Mg,Fe)(Si,Oe) 

The chief almninous pyroxene, and by far the commonest 
member of the group, is 

Au^ . . . Ga(Mg,Fe,Al)(Si,Al)20« 

The amphiboles are somewhat similar in their range of com- 
position, the most essential difference being the presence of 
(OH) which, as in mica, may be partly replaced by fluorine 
(F). The commonest member of the group is 

HowbUndt . . . (Ca,Mg,Fe)4(Si,Al)*0„(OH) 

Augite and hornblende are readily distinguished by their 
crystal forms and cleavages. Both minerals have two well 
developed cleavages ; but in augite the angle of intersection 
between the cleavage planes is nearly 90®, whereas in horn- 
blende it is nearer 60° or 120°. 

Olivine is of simpler composition, its formula being 
(Mg,Fe)|Si04. The mineral is familiar as the transparent 
bottle-green crystals cut as gem stones under the name paidot. 
Rocks in which olivine is the most abimdant mineral (generally 
in association with other ferromagnesiafi minerals) are called 
peridotite. Nearly all the heavier rocks o£ the sima group are 
peiidotito ; the term “ sima ” obviously reflects the chemical 
composition olivine and its ferromagnesian assodatiss. 

By a process of alt^ation involvii^ addition of water, 
oevinc is elided to serpetdine, (Mg,Fe),Si40a(OH)g ; the 
MWew nsme ht gfvor to rocks formed from peridotites by 
saaw i lar alteration. Tlie corresponding alteration products of 
idie loTdm^esiaa'ininerals which contain alumina and iron 
' ' 4* ; ^ ' 



CARBON COMPOUNI>S 


oxides are green, fine-grained, flaky minerals known collectively 
as chlorite. 

Carbon (C), though not listed in the table on page 35, is 
only a little less abundant than hydrogen. It forms an enor- 
mous number of compoimds, mainly with hydrogen and oxj^en. 
Some of these are &e chief constituents of living organisms, 
fuels (wood, peat, coal, and oil), and the organic matter of 
soils. Carbon dioxide, CO2, is an important atmospheric gas. 
Many forms of vegetation abstract it firom the air or from 
natural waters which hold it in solution, and the. supply is 
restored partly by CO, liberated during breathing, organic 
decay, and the burning of fuds, and partly by CO, given off 
during volcanic eruptions. CO, combines with many other 
oxides, forming carbonates, some of which occur as minerals. 
The most important of these are : 


Carbonate 
rock-forming . 

mtngrak 


CkdcUe GaG 03 , the predominant mineral of limestones 
DolomUe GaCOs.MgCOs, occurring in a carbonate rock, 
which is itself ^led dolomite 
OialybiU or SideriU FeGO^, an important iron ore 
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Chapter V 


MATERIALS OF THE EARTH’S CRUST : 
COMMON ROCKS 

The few references to rocks that have already been made 
suffice to show that rocks may be divided into three major 
groups — ligneous, sedimentary, and metamorphic — according 
to the processes that were concerned in their origin. 


IGNEOUS ROCKS 
Granite 

In its natural home, granite may be examined in the 
tors and valleys of many a rough moor (Figs. 8 and 62), 
or in the quarries where it is wrought for its durability 
and handsome appearance as a building stone. In most 
towns it can be seen as hewn blocks or decorative slabs 
and columns. 

Granite is a coarse-grained r ock co mp osed ejssientia lly of 
quartz, felspar, and mica. In some examples {e.g. fix)m Aber- 
deen) the interlocking minerals are uniformly distributed, and 
all are about the same size. Felspar, mostly orthodase, b the 
most abundant mineral. Gleaming plates of mica (black or 
bronze-like biotite, accompanied in some varieties by silvery 
white muscovite) can easily be recognised. Between the 
felspars and micas the remmning spaces are occupied by 
translucent, glassy-looking quartz. 

Instead of being unifonffiy granular, certain granites (e.g. 
fixim Cornwall and Shap Fells, F%. 12) have a distinctive 
pattern or texture^ clearly seen on polished slabs, due to fhe 
development of orthodase as conspicuous, isolated crystab 
which are much larger than those of the gramdar ground-mass 
in which they are mbedded. This texture is ttchnically 
^bmbed as a term derived tom an i^ld Gbedk 
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[L. Hawkes 


Basalt i»eroed by granophyre (a fine-grained variety of granite), 
shore N. ot mouth cS Hvaldal, N. of Lon Fjord, south-east Iceland 


word meaning “ purple.” The Romans, prospecting for 
decorative stones in Egypt two thousand years ago, came 
upon a deep purple rock — ^which they called porphyrites lapis — 
of such attractive appearance that they actively quarried it 
for columns, vases, and slabs. In the course of time the same 
name came to be applied to other rocks which contain large 
crystals embedded in a finer ground-mass, even though they 
lack the purple hue of the original porphyritic rock. 

The problem whether granite crystallized fixim solution 
in water, or fi'om a hot molten state, aroused fierce controversy 
in the early days of geolc^. The most influential advocate oi 
the first view wjb Werner, crf“ Saxcmy, who taught his students 
t^t granite was the eldest roc^ and flmt it was pre- 
cipitated fi:om a ptinueval ocean that he supposed to ^ve 
cffvwcd the whifle globe. The second view was first advanced 
by Hutton, of Edinburgh, who discovered that gramte veins 
Sma soQie of the Scottish granites penetrated adjtnning 
Ki^^cs. thus realised that granite had been urtruded 
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into still older rocks, and he naturally inferred that it must 
have been in a liquid state when it did so (Fig. 13). Moreover, 
he found that the rocks in contact with granite had been baked 
and thereby metamorphosed, very much as clay is altered 
when it is fired and “ metamo]q>hosed ” into brick. Evi- 
dently, then, the granites he investigated had crystallized 
not only from a liquid, but firom an intensely hot liquid ; 
that is to say, from a molten or magmatic state. 


Basalt 

Basalt is a dark-coloured, very fine-grained rock, which is 
of widespread occurrence as lava flows of all geological ages. 
Its igneous origin is therefore not in doubt. Nevertheless, like 
granite, basalt was also the subject of an early controversy. 
Some varieties of basalt contract on cooling in such a way that 
the rock cracks into long polygonal columns, most of which 
are six-sided, and set at right angles to the base of the flow. 
The well-known columns of the Giant’s Causeway in Antrim 
and of Fingal’s Cave in Staifa (Plate 3) are beautifully devel- 
oped examples of this natural masonry. In Saxony similar 
columnar basalt occurs in isolated patches, capping the hills. 
Now Werner, adopting the goieral opinion of his day, believed 
that the basaltic columns were gigantic crystals. He also 
believed that crystals could only grow firom aqueous solutions. 
From these two erroneous ideas he drew the conclusion that 
basalt must be a chemical precipitate from his imaginary 
world-wide ocean. In this case, Warner’s mistake was cor- 
rected in France. The Puys of Auvergne are a group of extinct 
volcanoes, with cones, craters, and lava flows still pofectly 
preserved. Here Desmarest found a sheet of black columnar 
basalt, underlain by dndery lava and burnt soil. He traced 
the basalt across country until it finally led him up to the 
crater of one of the Puys. No further proof was needed that 
the basalt had been erupted firom the vdcano as a lava 
flow. 

The early geologists found it extremely diffietdt to in- 
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vestigate fine-grained rocks like basalt, for with the limited 
means at thdr disposal they were rarely able to identify the 
tiny crystals in such compact materials. In 1851 this difficulty 
was overcome by Sorby, a Sheffield metallurgist, who showed 
how a slice of rock could be ground down to a film s^ thin 
(about 1/lOOOth inch) that it became transparent, thus Aking 
it possible, after mounting the film on a glass slide, to\view 



Fio. 14 

Photomicrograph of a thin section of basalt, shovwg 
plagiodase {whiu)^ augite (gr^), and ilmenite {hkck) 

X 60 

the rock through a microscope, and so to examine the magnified 
minerals with ease, ~ 

A thin section of basalt prepared in this way has the 
appearance illustrated in Fig. 14. Lath-like crystals of a clear 
cok)urless mineral, which is caldc plagiodase, form an ir- 
rqpilar open nett^k wfaidi extends tffim^out the rock. The 
gin^ i^e^ whieh is g^i<eenish or brownish ta seen dirougfa 
ihn .nucroMope, is hugite. Many basalts also ocmtain divine, 
MiKi|ptim^ al^daady. The black opaque mii^ral is magnetite 
orsiAienite. It k the high proportion d* iron in basalt which is 


voi4CAmc Ain> Plutonic rocks 


responsible for the dark colour of the rock, and for the rusty- 
looking material (limonite) that encrusts its surface when it 
has been exposed to the weather. 

Basalt is not always wholly made up of crystals. Varieties 
that solidified very rapidly, as a result of sudden chilling, 
had no time to crystallize completely. In consequence, the 
part that remained uncrystallized had no alternative but to 
solidify into black volcanic glass. Crystals may already have 
grown in the magma before its eruption as lava. In this case 
the resulting basalt is a porphyritic variety, with relatively 
large crystals in a very fine-grained or glassy ground-mass. At 
the top of a basalt flow the lava may be blown into a cinder- 
like fix>th by the expansion of escaping gases. Even in the 
more compact basalts, gas-blown cavities of various sizes may 
occur. These may be empty ; or lined with crystals, often 
beautifully devdoped ; or even completely filled with minerals. 
The filled “ bubbles ” sometimes look like almonds, and so the 
name an^gdale is given to them (from the Greek amygddos, 
an almond). Basalts which are studded with numerous 
amygdales are called amygdaloidal basalts. One of the 
commonest minerals found in amygdales is agate, banded in 
concentric layers of different tints. Agate is a variety of 
silica, and sometimes, inside a lining of agate, crystals of 
quartz or of amethyst (purple quartz) may be found projecting 
into the hollow space within. 


Glassihcation of the Common Igneous Rocks 

Granite and basalt, and types closdy related to them, are 
by far the most abimdant of the igneous rocks. Granite is an 
example <£ the coarse-grained rocks that crystallized slowly in 
large masses within the crust. Such rocks are described as 
after Pluto, the god of the underworld. Basalt, on the 
other hand, is an example of the very fine-grained ot glasy 
rocks cooled quicidy from lavas that flowed over the 
sur&ce. These are vokam rocks, after Vulcan, the g^ of fire. 
Bdweoi the two extremes there are rocks of intermec&de grain 
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that cooled and crystallized at intermediate rates, generally in 
small intrusions like the dykes and sills described on page 83. 
Such rocks are distinguished as hypabyssd (intermediate depths). 
Many of the hypabyssal rocks of sisdic composition are re* 
markable for a very conspicuous development of porp|iyritic 
texture, in consequence of which they are known the 
familiar rock name porphyry. \ 

The simple relationship between mode of occurrence and 
grain size indicated above does not completely cover aU the 
possibilities, because (a) the outer skin of a thin dyke o^ sill 
may be chilled against cold wall-rocks almost as quickly as 
the upper layers of a lava flow against the air ; and {b) the 
rate of cooling in the interior of a thick lava flow may be as 
slow as it is within the smaller dykes and sUls. However, pro- 
vided that such inevitable exceptions to the general rule are 
not forgotten, the following correlations serve as a useful basis 
for the classification of igneous rocks : 


Extrusive 


IrUmwe 


MODE OF OCCURRENCE 


TEXTURE 


Lava flows Vvkank J , 

I Very fine-grained 

( Minor intrusions Hypabyssal Fine-grained 

< Major intrusions Plutonig Coarse-grained 


and 

porphyritic 
varieties 
of each 


According to this scheme, the rocks of any given composition 
may have any one of dght different textures. In the case of 
rocks of granitic compoution, the eight textural types are dis- 
tinguished by the following names : 

Obsidian and Pumke (firothy) P&rpkjfrUie Obsidian 
BhyoliU Parph^ 

Felsite Q^uurtz-porphyry 

Granite Porphyritig Granite 



Hypabyssal 

Pl^nig 


In die case of rocks of basaltic composition, the airriaponding 
types are tackylyte (the glassy form of basalt), basalt, dcflerite or 
<^base (the antanon rode of many dykes and sills, much used 
fisr HMul tzMtal), and Gabbro, tog<^er with porphyritic 
v^uiedtsof each. 

Igneous rocks are also clasnied aceordinf to the Idbids ami 
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propordom of their constituent minerals. Many of the rocks 
commonly referred to as " granite ” have more plagioclase 
than orthoclase and are therefore not true granites ; it is 
convenient to distinguish them by the name granodiorite, 
because they zire intermediate in mineral composition between 
granite and quartz-diorite. Diorite, with little or no quartz, 
is made up essentially of plagioclase and hornblende. Many 
large “ granite ” masses, consisting mainly of granite and 
granodiorite, pass marginally into quartz-diorite and diorite. 



Variation in mineral composition and silica content of the rock series 
granite-diorite. Accessory 'minerals in black (at the base) 


The continuous mineral variation, and the conventional 
dividing lines between the types, are shown graphically in 
Fig. 16 . 

As this example indicates, igneous rocks can be classified 
mineralogically, and therefore identified, by means of criteria 
such as : 

(a) the presence or absence of quartz 

{b) the kinds of felspar and the proportions between 
them (and in some cases by the absence of fdspar), 
and 

(«) the kinds of ferromagnerian (F.M.) mineials. 
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MINERALOGIGAL CLASSIFICATION OF THE CHIEF 
IGNEOUS ROCKS 

Volcanic or very fine-grained types in italics 
Hypabyssal or fine-grained types in ordinary type 
PLUTONIC or COARSE-GRAINED types in CAPITALS 


Orthoglase Sodig Sodig 

> THAN PlAGIOGLASE PlAGIOGLASE 

SODXG > THAN PREDOMINANT 

PLAGIOGLASE OrTHOGLASB 


Rhyodacik Dacite 

Granodiorite- Quartz- 

porphyry porphyrite 

GRANODIO- QUARTZ- 

RITE DIORITE 



Quartz 

ESSENTIAL 

F.M. 

Biotxte or 
Hornblende 
OR both 





Orthoglase 

Orthoglase 

and 

Sodig 

Plaoioglase 

No 

predominant 

Plaoioglase 

predominant 

Felspar 


ROUGHLY EQUAL 




Little or no 

Trachyte 

Trachyandesite 

Andesite 

Quartz 

F.M. 

Hornblende 




Porphyry 

Monzonite- 

pOTphyry 

Porphyrite 

and/or ^otitr 



and/or 

AuorrE 

SYENITE 

MONZONITE 

DIORITE 




I Calcic 
Plaoioglase 
predominant 


LrrTLB OR NO 
^ARTZ 

F.M. Augitb 
AND Iron Orxb 


No Qparte 
F.M. AuonE^ 
C^lNE, and 

Iron Om 



No 

Felspar 


Basalt 
Dolerite or 
Diabase 
GABBRO 

PYROXEN- 

ITE 

1 

0lvnne4mdt 

Ol.-dolerite 

or<M.*diaba$e 

OLIVINE- 

GABBRO 

PERIDOT. 

HR 
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SANDSTONE AND ITS STRUCTURE 


SEDIMENTARY ROCKS 
Sandstone and Shale 

Sandstone is perhaps the most familiar of all rocks, for 
it is easily quarried, and it is used more than any other kind of 
stone for building purposes. Examined closely, using a lens 
if necessary, a piece of sandstone is seen to consist of grains 



no. 16 

Photomiciognti^ of sandstone, Torridon Sandstone, 
North-West Higd^lands of S<»dand X 30 


of sand identical in appearance with those that are churned 
up by the waves brealit^; a beadi. Most of the ^raim 
consist bf motn or less roimded grains of quartz, but there 
are others <rf cloudy, weathered-ljNAM^ ^par, ^od geft- 
Qnlly a few ahining spangles (^,mica can be seen (Figj..lfi). : 

C3esudy, sandstmte is made of aecond-hai^ m al i ai i ^, |Df 
worn fragments derived from the didirtegratien of 8 (Si^ 9 ae;oidbr 
rock, sndi as g^nnite, winch ctairikh^ '^ sauu! adi^peraiB. ^ Jit 
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differs &om deposits of modem sands only in being coherent 
instead of loose. Calcite is a common cementing material. 
Brown sandstones are conented by limonite and red varieties 
by haematite. In pure white, eatremely hard sandstones, the 
cement is quartz. These materials were deposited 
the grains by ground-waters which percolated 
sand when it was buried undo* later sheets of sand or 
formations. 

In the steep &ce of a quarry or cliff, successive 
layers can be seen, differing from one another by v: 
in colour or coarseness of grain (Plate 8a). At^intervads there 
may be strongly marked bedding planes, along which the 
sandstone is easily split, due perhaps to the presence of a thin 
layer packed with flat-lying flakes of mica, or to the intervention 
of a thin band of clay or shale. Evidently the beds or strata 
have been formed by the deposition of layer after layer of 
sediment. 

Along the beach, and especially near the cliffi, boulders 
and pebbles are heaped up by storm waves. Then come the 
sands, and beyond them on the sea floor lie still finer deposits 
of mud, made up of the tiniest grains of quartz and altered 
felspar, shreds of mica, and minute flaky particles of clay 
minerals. Each of th^ different types can be recognized 
among the stratified rodcs. Socmer or later, a sheet of sand- 
stone thins out and passes laterally into clay or shale. Traced 
in the other direction, it naay become comber in grain and pass 
into a massive boulder bed or conglomerate (see Plate 21b}. 
The term conglomerate is applied to cemented firagmental rocks 
containing rou n ded fragments such as pebbles ; if the frag- 
ments are angular or sub-angulsur, the ibck is called breccia. 

The very fine-grained sedimentary rocks, corresponding 
to nmd, are describe as day, mudstone, or shde. Mudstone 
is compad, but dude ea^ be divi^ into thin Imsime. 
This ftnUity is tlpe to a structiiie resonbOng sfratificatitm on 
a&toSofe, i^Uhisdhtfoj^iidtodby thetarm&nsmo^Mi. The 
mioe atm day nunerals ^ occiir as nfintoid films whidi fie 
with tiiehr flat sudaces paralld to the bedding, and in conse- 
qpsenee t^ Adeieadily divides ahog the lauuaation jdanes. 
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TOES AND STRUCTURES OF LIMESTONES 


Limestones 

Limestones of suitable quality are widely used as building 
stones, because of the ease with which they can be worked, and 
some varieties, the aristocrats of a very mixed group, have 
become famous through their lavish use in great public 
buildings. Portland stone, for example, has been a favourite 
choice for many of London’s greatest buildings, ever since 
Wren selected it for the rebuilding of St. Paul’s Cathedral 
after the Great Fire of 1666. The towers and steeples of the 
London churches, the government offices in Whitehall, the 
fi'ont of Buckingham Palace, and most recently of all, the new 
home of London University, all display its use in varied styles 
of architecture. 

The natural architecture of limestones can be studied in 
the quarries of Portland and the Gotswolds, in the grey scars 
of the Pennines (Plate 8b), and in the white gashes cut by 
lime-makers in the green slopes of the Chalk Downs. Some of 
the limestones of the Pennines are packed with the remains of 
corals and marine shells, and the bead-like relics of the stems 
of sea-lilies (animals like starfishes on long stalks — Plate 9a). 
The yellow Gotswold limestones, more open and porous, are 
often crowded with fi>ssil shells, while belemnites, looking like 
thick blunt pencils, and the coiled forms of ammonites add 
further interest and variety (see Fig. 50). The fine-grained 
and fiiable limestone known chalk contains smooth white 
shelb and sea urchins. But besides these visible finsils there 
are innumerable little coiled or globular shdls which can be 
seen only by nucrosa^c examinaribn ; these are exacdy 
like the foraminifera ffiwdged up fimm the deq^ea fioor, 
where gfolngerina ocne is collecting at the {Mesent day (see 
Hate 72). 

Evidmtly many liausstoiMS are acemnulations of mganic 
temaiai^ vast cemeteries in which dm teeming life of the sea 
has been entombed. It is e ^^to taai:^ wirii dilntii* thM 
shdb and cmah and Ihnestones are'^ bf 

carbooale. Thty <^ervesce briridy when the acid is sqiidied 
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and give off carbon dioxide, while a drop of the resulting 
solution held on a clean platinum wire in the flame of a bunsen 
burner colours the flame with the brick-red tint due to calcium. 
Soft-bodied organisms abstracted the calcium carbonate fl-om 
sea water and deposited it around or within themselv^, to 
form a protective covering or a supporting framework, i 
The limestones of Portland and Bath also contain sIkUs, 
but they are mainly composed of rounded grsuns that look like 



Fio. 17 

naotomicrograph of oolitic limesUme, Farley, Bath 
X 80 

insects’ eggs. For this reason they are ^ed oolites or oolitic 
Hmestones (Greek om, m egg). Under the microscope each 
granule is found to be made of concentric layers of calcium 
caibonate, often with a bit (ff shell at the ctmtre (Hg. 17). 
Along coTal strands, where the conditions axe favourable, 
oditic' grains sue fcui&ing to^iay around such nuclei by the 
deponttou of csddum cRihonate from sea water. Rolled about 
by ffie Ihe graim tend to grow equally cm aH sides, and so 
to^beooipiil. 'round;' ' 

t l^qMiii^es teen to be tkfvtoiti ftnctoed flrom dis- 

- .. s6.. 


PLATE 8 



(B) The Great Scat Limestone (Carboniferous) above Malham^ver^ 

Yorkshire 


PLATE 9 
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[W. W. Watts 

(A) Weathered surface of crinoidal limestone (Carboniferous), Flintshire 
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, * [S. /f. Reynolds 

(B) Limestone in the making : a deposit of shell-gravel (mainly cockles) 





LDIESTONE AND DOLOBIITE 


solved material : generally, but not always, from sea water. 
They usually accumulate outside the stretches of sand and 
mud that in most places border the lands, but where the sea is 
uncontaminated by muddy sediment, and especially where the 
cliffi themselves happen to be made of older limestones, they 
may form close up to the land. Beaches may locally be com- 
posed of sand made up, not of quartz grains, but of shell 
debris (Plate 9b). Similarly, the sands associated with coral 
reefr and atolls consist largely of coral debris, groimd down by 
the waves. 

( Many limestones are distincdy fragmental, whether formed 
from organic remains or from oolitic gnuns. Others are 
extremely fine-grained and compact, and most of these repre- 
sent chemical precipitates from waters rich in calcium car- 
bonate.^ The double carbonate of calcium and ms^esium 
(dolomite) may also be precipitated ; either directly, or by 
the action of warm sea water on limestone already in process 
of accumulation on the floor of the sea. In these ways magnesian 
or dolomitie limestones, grading into pure dolomite rocks, have been 
formed. Dolomite was selected as the building stone for the 
Houses of Parliament. Unfortunately, the sulphurous fumes 
from the neighbouring potteries of Lambeth corroded the 
delicate carvings of the structifre, turning the magnesia of the 
stone into easily soluble epsom salts. Dolomite, however, may 
be an excellent building stone where it is not exposed to such 
abnormal weathering conditions. 


METAMORFHIC ROCKS 
MABBI.E AND GrYSTALUNE LOiISSTONES 

limestones are known commerdally as ** marble ” when 
they can be effectively polished and used for decorative pur- 
poses. Cords and tte stenn of 8ea4ilies give a variegated 
I^ttttn commonly seen on polished.dabs cat from the grey 
limestones of dm Penniiies. The phdt and grey limestones m 
Torqmiy have been fisnired by ear& movements, and pei^ 
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Metamorphism of Carboniferous limestone by the Great Whin Sill, 
Falcon Glints, Teesdale, Go. Durham 


mealing solutions have mottled the stone in tints of red and 
filled the cracks with white veins of caldte. This example 
illustrates the ease with which limestone becomes changed by 
natural processes into “ marbles ” of endless variety, lime- 
stone is chemically a very sensitive rock, and the walls of many 
of Lyons’ restaursmts show in spectacular fashion how readily 
it has responded to the effects of heat, pressure and percolating 
waters. 

To the geologist, hoM^er, the term lharble is restricted to 
limestones which have be^ completdy recrystalMzed by meta- 
morphic procewes during their burial in the earth’s crust. 
Undo* diebifluence of heat fi:om tgneoiu intrusicns the caldum 
carbonate of didfaf and finer particles alilm is jgradudlly re- 
CQtftructe^ into: crystals of oddte of roughly unifirrm size. 
M traces are destroyed, and the when pine, 

b^pp^es f; White rodk : 1^ the wdl-lWown «tahia^ 

fi^ in Italy. The great dieda o£ bfpdt in 
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METAMORPHISM OP LIMESTONES 

Antrim lie over a surface of Chalk (Plate 17a), and the chalk, 
instead of being soft and friable like that of southern England, 
has become hard and indurated by the heat from the over- 
lying lavas. And against the channels through which the lava 
reached the surface, the chalk is transformed locally into 
saccharoidal marble. 

It may be asked how it is that carbon dioxide did not 
escape under such conditions, as it does when limestone is 
heated to make lime. The explanation is that when the heating 
takes place under pressure, as when the limestone is confined 
under a load of overlying rocks, the carbon dioxide is not 
liberated as a stream of gas, but only as dispersed molecules, 
temporarily freed. These mobile molecules may be thought 
of as acting like tiny ball-bearings, lubricating the rock during 
the recrystallization of its minerals. Conditions favourable to 
marble formation were successfully imitated in 1805 by Sir 
James Hall, an eminent fiiend of Hutton’s, who tested many of 
the rival theories around which controversy was then raging 
by devising experimental methods of attacking the problems. 
Hall enclosed pounded chalk in a porcelain tube, which in turn 
was fitted closely into a cylindrical hole bored in a solid block 
of iron, and securely sealed at the open end. On heating this 
“bomb” to the Mghest temperature at his command, the 
chalk was transformed into a fine granular marble. 

Whoi the original limestone is not pure, but contains other 
carbonate minerals such as dolomite, and impurities of sand cnr 
day, various chemical reactions take place between the ingre- 
dirats when they are heated up suffidrady. New minerals 
are then developed, olivine and garnet being examjdes, and 
the carbon dioxide thus liberated is driven off : 

2ClaMg(CO,),-l-SiO, = M^iO* + 2GaCO, + 2GO, 
Jbehmite QjfOrtz Olimne Colette Carbon 

iAotcovat, when a limestmie or dolom^ is invaded by granitic 
ot otiber magmas, part of the magnu^ mabaial may difiiise 
mto the sbrrmittdi^ rode, thus ad^ng new constiturats and 
sox»iirii%thegitaiWi&dt^ odiertypesornewmmeralL Hie 
Iteautiid g^teen scapratiae-mai^ ^ Ckamemsara, fipdliar to 
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all who have visited Ireland, probably originated in this way. 
In some localities in the United States and Sweden important 
masses of iron ore have been formed at the expense of lime- 
stone. Evidently magmatic fluids rich in iron migrated into 
the limestones, leaving the iron there as black magnetite, and 
carrying off in solution the replaced calcium carbonate. | 


Slate 

( 

The world-famous roofing slates that are quarried from the 
rugged hills around Snowdon owe their value to a structure 
whereby they can be split along planes that are not parallel 
to the bedding, like the lamination of shales, but inclined to 



Ro. 19 

To illuitrate the relation of slaty cleavage to bedding 


it, often at a high angle. This structure is neither stratification 
nor lamination, but a fissility or cleavage, often of great per- 
fection. It is distinguished as slaty cUamjge (Fig. 19). It must 
not be confused with the deavage of crystals, for the latter 
is a property depending on the oiderly arrangement atoms, 
whoeas slaty deavage depends on tlm (»derly arrai;gement 
dTminute flaky ramerals sat^ as mica, clay, and chlorite within 
the rock. A thin sectkm of date cut at right angles to the 
deavage diowB dfl the flaky nnaerals lying paralld to the 
deavage; f^mes. It is due to this orieemtioa that the rock 
jdcbf these ffl^mes and along no 



ORIOm OF SLATE 


Traces of the original bedding planes can be made out in 
the quarry face wherever bands of contrasted coIotu: or more 
gritty material are present; such bands are often badly 
crumpled and contorted. If, by a rare chance, a fossil is foxmd, 
it, too, is deformed and squeezed out of shape. Clearly an 
overpowering pressure has been exerted on the rock, and 
observation shows that it must have been applied sideways. 
Lateral earth-pressure, sufficiently intense to crumple the rocks 
in most intricate fashion, has compressed a thick mass of com- 
pact mudstone or laminated shsde so that the flat surfaces 
of all the flaky minerals shifted round into positions approxi- 
mately at right angles to the direction from which the 
pressure came. 

In 1856 Sorby demonstrated the truth of this explanation 
by experimenting with a stiff mixture of clay and tiny flakes 
of iron ore. The flakes orientated themselves with their flat 
surfaces perpendicular to the direction of the pressure. Tyndall 
later developed cleavage in wax by pressure. In this case the 
new structure was due to the flattening out of the original 
globular particles of wax. So we find that slates may also be 
made out of certain very fine-grained materials even if they 
contained no flaky minerals to begin with. The silvery green 
slates the Laie District have been formed from beds of fine 
volcanic ashes. Their cleavage and silvery sheen is due, how- 
ever, not merely to the flattening of the original particles, but 
also to the development of new minerals from the volcanic 
materials. Microscopically small shreds of mica and wisps of 
chlorite have grown in the rock, all with their film-like surfaces 
lying parallel to the cleavage direction. 


Korns OF Metamorphism 


ffiate u thus an example of a rock on which a new ** grain ** 
has been imprORsed, m»^y by the efl^ of shearing caused by 
severe ccanpresnonal earth movements. To some otent 
chemical r^^ges i^omoted by heat and sdution ha'te oo- 
(^reiated m ftinilttating flie growfit new mineilJs. The 
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original shale or volcanic ash has responded by becoming a 
slate, a new type of rock. Since the main process is dynamic, 
slate is said to be a product of dynamic metamorphim. 

The change &om limestone to marble, on the other hand, 



and Silurian beds 


¥m. ao 

Auredet of contact metainoqiliiBn anmnd nialHwtliolidB and ttodq, 
Odloway, S,-W* Soodaad 

is mainly brov^ht about by die actitm of heat. It illustrates 
the, effects iff tkermd mtbamphism. The rocks in coatat^ with 
igneous intruskms are conaoionly poetamorpbosed by heat and 
n^j^ting i^luids, and naetamor{du8m «ff diis kh^ » dis> 
dn^ndied m metamorp/Usm.. The none of idtered rock 
mmipioodMjig the ii ^ rion g described iri the iiM^aiiKK^^ 






OOKTACT AMD SEOIOMAL B1ETAMORPHI8II 


aureole (Fig. 20). Where shales or slates are in contact with 
granite the mineral changes promoted by the rise of temperature 
become visibly conspicuous. Traced firom the edge of the 
aureole toward the granite, the rocks begin to be variegated 
by little spongy spots which as yet are hardly individualized 
as definite minerals. Nearer the granite ^ese commonly 
develop into a glistening fdt of tiny brown and white 
flakes, which fiuther on become larger, and can be recognized 
as micas. Close to the contact other new minerals may 
appear. Metamorphic rocks of this kind are called hornfels 
(plural, homfelses). 

When all the agencies of metamorphism operate together, 
as they do in the heated depths of a crustal belt where mountain 
building movements are in progress, the rocks throughout an 
extensive region are characteristically transformed, and the 
metamorphism^is then described as regional. 


Crystalline Schists 

When shale or slate is recrystallized by regional meta- 
morphism the ejects of heat and migrating fluids lead to the 
development mica and other new minerals on a visible 
scale, as in contact metamorphism. At the same time the 
effects of shearing or flowage give the rock a new structure, 
due to the stream-lined arrangement o£ the platy and elongated 
minerals. This structure is called foliation, a term based on its 
similarity to that the tightly packed leaves of leaf-mould. 
Foliation may develop along an earlier cleavage, but more 
commonly it follows the stratification sediments that have 
not been cleaved, and in some cases, when the shearing or 
flowage failed to coincide with the earlier parting planes, it 
follows a new direction altt^dier. The suifiices aloi^; which 
a fidiated rock can be divided may be plane to undulatm^, 
wavy or contorted. Wh«a the foliation is. dosdy spac^ 
diroug^bottt the body tffdie rode, so that almoift any part of it 
can i^t into flakes or flat lentides, the rock is called a 
(Gr. sdtiMot, £vided). The sch^mty of the rod:— diat 
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is, the property whereby it can be easily split — is somewhat 
akin to slaty cleavage, but on a coarser, rougher, and less 
uniform scale. 

Schists are named after the chief mineral responsible for 
the foliation in any given case. When this is mica, af fre- 
quently happens, the rock is called ndca-schxst, this being the 
type that develops from shales and slates. Another t^ is 
homblende-scUst, which develops from basaltic rocks, ^ the 
hornblende being formed at the expense of the original aunte. 
Sandstone and limestone rarely form schists, and then ^y 
crudely, the reason being that quartz and caldte are naturally 
graniilar minerals. The usual metamorphic equivalents of 
these rocks are quartzite and marble, respectively, both granu- 
litic rocks. 


Gneisses and MtOMAirrES 

One of the most characteristic types of metamorphic rocks 
is that known by the old Saxon miners’ term gneiss. Gneisses 
are found associated with schists and granites, particularly in 
regions where very ancient rocks are exposed. Like schist, 
gneiss is a foliated rock, but its foliation is open and interrupted. 
Highly micaceous layers alternate with bands or lendcles or 
eyes ” that are gramdar, and more like granite in their 
texture and composition. Many gneisses, indeed, have the 
mineral composidon of granite or granodiorite, and thus they 
further di ff er from schists in containing felspar as an important 
mineral, especially in their granular portions. 

Some gneisses may be simply the squeezed-out and re- 
crystallized equivalents of granitic rocl^ but most examples 
appear to represent transitions between schist and granite. 
If we examine areas where gndases are well exposed, such as 
the low, wave-swept islands of southern Finland (Flate 10), 
we can see tiiat tiie older schists seem to have been impr^ated 
by granite in every concd^ble way. In some jdaces veins and 
tcngues ^^anite magma appear to have run betweoi the 
ftilM of the schists, like water seejnng between tite pt^ a 
;CSlose by, the schists are strewn witii crystals fttisptf 
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(B) Wave 


[C. E. Wegmann 

-swept surface of schists, migmatites, and granite veins, Borgd 


SOUTH COAST OF FINLAND 



[C. E. Wegmann 

(A) Schists in various stages of replacement by granite, Hamnholmen, Porto 



[C. E, Wegmann 

(B) Folded schists almost completely granitized, Bodd, Porto 
GRANITIZATION, SOUTH COAST OF FINLAND 







SCHIST — ^MIGMAHTE — OKANTTE 


(Plate 11a), again su^esting that granite magma soaked into 
the rocks. Such mixed gneisses are called migmtites (Gr. mgma, 
a mixture). However, the first idea that migmatites result 
from the mixing of schist and granite magma cannot be siu* 
tained. Both the veined and the “ eyed ” varieties of migma- 
tite pass into types with lai^er and more abundant felspars, so 
that the rock looks like a granite, except for a shadowy back- 
groimd representing vague remnants or “ghosts” of the original 
schists (Plate 11b). Finally, even the “ ghosts ” vanish, and 
only granite remains. The schists have somehow been trans- 
formed into granite. Where has the old material gone? 
Whence came the new and what was its composition ? These 
are difficult questions, and they have not yet been fully 
answered. But clearly the problem of the origin of granite is 
not quite so simple as Hutton thought. Hutton read part of 
the story correctly, but we know to-day that it is no longer 
safe to assume that all granites and granodiorites crystallized 
from a completely molten state. In the alchemy of nature, 
migrating fluids fi*om the depths soak into the schists, adding 
certain new ingredients and carrying away some of the old 
ones. As a result of this chemical interchange, the schists 
themselves are changed in composition, migmatites are formed, 
and the final product is a granitic rock. Moreover, there is 
growing evidence that locally the newly bom granitic material 
became mobile and fluid. Consequently we have here a most 
important clue as to one — and perhaps the most important — 
of the ways in which graiutic magmas have been generated. 


The Cycle of Rock Change 

According to the accepted theory that the earth was 
originally in a fluid state, the first roc^ of the crust must in- 
evitably have been igneous. However, none of these primor- 
dial ro^ has ever been discovered. The oldest igneous rocks 
that can be found are seen to be intrusive into stili older rocks 
which, though now metamorphic, were originally sedimentary. 
Th<»e must, of course, have been still older igneous rocks to 
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provide the materials of these sediments, and to serve as a 
foundation for thm deposition, but such basement rocks appear 
to have vanished long ago in successive waves of fusion which 
attacked the crust from below. It is for this reason that no 
evidence of the earth’s beginning has yet been detected. 
Hutton remarked a hundred and fifty years ago that he could 
find “ no vestige of a beginning ” and to-day, despite world- 
wide search, we are still obliged to say the same. All the 
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Fio. 21 

The metamorphic cycle of rock chai^ 


observed igneous rocks have consolidated dtho: fixim magmas 
that ascended from the depths, or (at least in part) fium 
magmas that were generated within the crust by the fluxing 
action of heat and migrating fluidji on the materials already 
there. 

Sedimentary rocks axe those produced by external pro- 
cesses from pre>existing rocks of all kinds, or from mganic 
material derived mainly from air and water. Many of these 

66 



ULTRAMETAMOKPHISli 


have remained imdenuded and, together with the accumu* 
lated salts in the oceans, they represent the results (rf* nearly 
2,000 million years of surface activities. Others, however, 
have been deeply biiried and metamorphosed. 

Metamorphic rocks are those produced by internal pro- 
cesses on pre-existing rocks of all kinds, with the limitation that 
the rocks concerned remained essentially solid during thdr 
transformations. When the action of heat, stress, and migrating 
fluids became sufficiently intense, the rock materials became 
increasingly mobile, unffi they finally liquefied, wholly or in 
part. Thus, beyond a certain limit of intensity, metamorphism 
reaches the extreme stage — sometimes called ultrametamor- 
phism — at which new magmas are generated. The rock 
formed by the subsequent consolidation of such magma can 
no longer be regarded as metamorphic. It has been re-bom 
as an igneous rock, and the great cycle of rock change — 
igneous -«-sedimentary -*■ metamorphic igneous — is completed 
(Fig. 21). 

In ffie light of the above considerations we can now 
attempt a more rigorous definition of an igneous rock. An 
igneous rock is one that has consolidated either (a) fi:om 
magma ; or (6) from hot mobile material containing sufficient 
fluid to be capable of flow, in the comrse of which the pre- 
existing metamorphic stmctures are obliterated. 




plate 12 



PLATE 13 



Chapter VI 


ARCHITECTURAL FEATURES OF THE 
EARTH’S CRUST 

Fracture, Flowaoe, and Flow 

Any mass of rock in the earth’s crust is subject to gravity and 
earth pressure. The resulting stresses can alvfays be repre- 
sented by three principal stresses 
angles : Pi, the least (including 
tension) ; P 2 , intermediate; and P,, 
the greatest. One of the three is 
generally vertical and the other two 
horizontal (Fig. 22). If the maxi- 
mum stress diiference, Pj — Pi, 
exceeds the strength of the rock, 
then the rock is strained, and it 
either breaks if it remains brittle, 
or suffers a change in shape or 
size if it becomes plastic. Near 
the surface, rocks yield mainly by 
fracture; but at greater depths, 
which vary according to the kind of 
rock, change of form takes place by 
solid flowage, that is, by plastic flow, the movements being 
facilitated by microscopic fractures and/or recrystallization. 

Thus for each kind of rock (under the given conditions of 
stress, temperature, and migrating fluids) there is a zone of 
flowage bdnw a certain depth and a zone of fracture above it. 
A glacier illustrates the distinction very clearly. Here a super- 
ficial zone of fracture is demonstrated by the occurrence of 
crevasses in the ice. The glacier creeps down its valley, how- 
ever, by flowage, and in a glacier the zone of flowage is quite 
near the surface, because ice, unlike ordinary rocks, is near its 
mehing point, and recrystallization is easy. 

When the ice of a glacier mdts, the water flows away fieely. 
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acting mutually at right 



Fig. 22 

Resolution of the stress conditions 
acting on a mass of rock into 
stresses acting along the three prin- 
cipal axes of stress, each of which 
is perpendicular to the other two 
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THE CHIEF STRUCTURAL RESULTS OF FRACTURE, FLOWAOE, 

AND FLOW 
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Fracture . . . 

T • 

Fractures along which practically 
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ao displacement 

Fractures along which the rocks on on^. side have 
been displaced relatively to those on the < 3 {ther 

Fracture and 
Flowage . . . 

1 „ ,0 1 

Bending of ro( 

(a) relative 
and other par 
and more rig» 
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Flowage and Flow 

Flow 

(through fractures, etc.) 

(at and near the surface) 

Fracture 

(fay explosion) . . 


< — ^Batholiths 

Modes qf 
Occurrence 
and Stocks — ► 

Dykes, sills, 
laccoliths, etc. 
Lava flows and 
volcanic plugs * 

Explosion pipes, 

pyroclastic 

accumulations 


* These and other volcanic products and structures are dealt with in 
Chapter XX. 
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TILTED STRATA 


Similarly, when rocks become moltm, the material can flow, 
though it raidy flows fiedy until the surface is reached. Then 
extrusion takes place, dither quietly (relatively speddng) as 
lava Oom, or explosively, with production of pyroclastic (“ fire- 
broken ”) rocks. When the pressure of a magma in depth is 
sufficient to overcome the strength of the rodb or their over- 
head weight, the magma is impelled to move in the direction 
of least resistance, either bodily or through fissures and other 
parting planes, thus forming intrusions of various kinds, some 
of which octend to the surface. The form and size of an 
igneous mass as a whole, and its rdations to the adjacent rocks 
(often referred to as the country rocks **) are called its mode 
of occurrence. 


Folds 

Stratification is a primary structure of sedimentary rocks, 
due to the deposition of layer after layer of differing or alter- 
nating types of sediment. Most sediments were originally 



Fio. 23 

To illustrate the meaning of the terms Dip and Strikt 

deposited on flat, very sli^dy inclined surfaces. But in many 
r^ons we find that great thicknesses of strata have been tilted, 
so that they now lie in inclined positions, sometimes for many 
miles. The tilted beds goterally represent one side <£ a very 
broad fold. The attitude, or position in the ground of any 
inclined bed, is accuratdy described by what u called its 
(Ilg. 23). Ihe dip is both the direction cS the maximum slope 
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[H.M. Geol. Survey 


Fig. 24 

Sea cliff of Torridon sandstone, showing dip and strike, Gailleach Head, 

Ross-shire 

down a bedding plane and the angle between the maximum 
slope and the horizontal. The direction is measured by its 
true bearing, as so many degrees east or west of north, the 
compass reading being suitably corrected for magnetic varia- 
tion. The angle is measured with a clinometer. The strike 
of an inclined bed is the direction of any horizontal line along 
a bedding plane ; the direction, for example, of the inter- 
section of the bed with still water or level ground. It is at right 
angles to the dip direction (Fig. 24). 

When beds are upfolded into an arch-like form (with the 
lower beds within the upper) the structure is called an oafi- 
cSrf, because the beds then “ incline away “ from the crest on 
dither side (Plate 12a). When the beds are down-folded into 
a trough-like form (with the lower beds outside the upper) 
the structure is call^ a symlmt, because in this case the beck 
on dther side “ incline together ” towards the ked (Plate 12b)-. 
two sides of a fold are described as its the limb which 
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(A) Well-developed jointing m sandstone, Eaglehawk Neck, Tasmania 



(B) Columnar jointing in basalt, The Giant’s Causeway, Co. Antrim 
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(A) Jointing in granite, castellated cliffs of Land’s End, Cornwall 



Crown Copyright Reserved] [H.M, Geol, Survey 

(B) Normal fault in beds of sandstone and shale (Coal Measures), Mossend, 

Lanarkshire 
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is shared between an anticline and its companion syncline being 
called the middle limb. The plane which biitects the angle 
between the limbs is the axial plane, and the axis of die fold 
al(mg any particular bed (about which the bed is folded) is the 
line of intersection of the axial plane with the surface of that 
bed. If the axial plane is vertical, the fold is upright and 
symmetrical, and the crest coincides with the axis. If the axial 
plane is inclined, the fold is also inclined ; rdative to the 
vertical it is, of course, unsymmetrical (Fig. 26). 

As they are traced along their axes, folds sooner or later 
die out ; and here, or wherever the axK are not horizontal, 
they are said to pitch, pitch being simply the dip of the beds 
along the axis a pitching fold. Anticlines and syndines 
are thus like more or less elongated canoes, upside down or 

Fio. 25 

Indined folds, with the upper strata 
removed to show the surface of one 
particular bed. The trace of an axial 
plane is marked by the dotted line 


right way up. Domes and basins represent the limiting cases 
in which the beds dip in all directions, outwards from, or 
inwards towards, the centre of the structure. Between these 
and folds that extend for many miles there is every gradation. 
Such structures must not, of course, be confused with hiUs and 
valleys, for they refer solely to the attitudes of the bedrocks 
bdow the surfr.ce, and not to the relief of the surface itself 
Folds range in intensity from broad and gentle undulations 
to steep-sided, highly compressed folds in which the beds may 
be turned on end, and the limbs anticlines (or, in odrer 
words, the uppo* limbs c£ synclines) turned over even beyond 
the vertical (l^tes 13 and 81). In the Southern Uplands cS 
^dand the rocks have been so intensely compressed that the 
limbs o£ the dosdy packed fdds have become practically 
parallel. Folding of this ** concertina ’* type is described as 
isodmal (Plate 69a). In this rqjkm, and also in dte Ldte 
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Ro. 26 \ 

Schematic section across an andclinorium and a synclinorium 

miticlinorium, and the complementary synclinal complex a 
ymcHnorium (Fig. 26). 

When a pack of cards is bent into a fold, slipping between 
the adjacent cards invariably occurs. Similarly, during the 
growth of anticlines, the outer beds shear or creep along the 
inner ones towards the axial plane, while in synclines the lower 
beds move in the same way under the higher ones. Plastic 

Hiohland Border Faol 



8 9 

CowalAnh'cline Nose^il^l. 

In Lower Limb of Carrick Castle''^ 
Recumbenf Fold Reconriaent-Fold 

Ro. 27 

Sectkm aqroa &e Ganiok Castle recumbent luitkline (Aigyllahite). The strata 
of the lower limb are upside down (1 to ® = oldett to youngest), and have 
themsdves been fidded into an anticline (die Gowal anticline) 

OT “ mcmnpetent ” beds, like shale, tend to creep by flowage 
more readily than stronger or ** competent ” beds, and for this 
reason they become squeezed oiit and thiimed in tlie limbs and 
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FOLDS AND JOINTS 

thickened towards the axes. It is during thib flowage that 
shales tend to become slaty, the resulting cleavage planes being 
parallel to the axial planes. Thus, in an anticlinorium the 
cleavages are disposed across the whole structure like the ribs 
of a fan. 

An overturned fold, or overfold, has one of its limbs inverted, 
and if the latter approaches a horizontal attitude the overfold 
is described as recumbent ; the beds of the middle limb (the 
lower limb of the anticline and the upper limb of the imder- 
lying syncline) are then upside down. Parts of the Grampians 
are carved out of a gigantic recumbent fold (Fig. 27). In 



structures of this kind part of the middle limb may be sheared 
or squeezed out altogether. Further development of the 
structure then results in the rocks of the upper limb being 
pushed bodily forward along the plane of shearing. The latter 
has become a thrust plane and the structure an overthrust fold 
(Fig. 28). 


Joints 

The stronger beds in a folded series of strata become 
ruptured when they are bent, the cracks being known as 
joints. Unfolded rocks are also commonly divided into blocks 
by jointing. If we examine a quarry or cliff section iff sand- 
stone or Ihnestone, we find that in addition to the bedding 
phmes the rock is traversed by fractures that are generally 
approximately at right angles to the stratification, and there- 
fore nearly vertical when the beds are flat (Plates 8a and 14a). 
Joints frequently occur in sehi conristing of two sedes dT paralld 
joints, one series, if the beds are inclined, approaching in 
trend to the dip direction and the other to the strike. Such 
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joints are of great assistance to the quarryman in his task of 
extracting roughly rectangular blocks of stone, especially the 
“ master joints,” which are often remarkably persistent and 
strongly developed. In most rocks, however, there are sub- 
ordinate joints which cut across the main sets, thereby dividing 
the rocks into irregular angular blocks. 

Joints may be due either to shearing under compression 
or to tearing apart under tension. Shear joints tend to be 
clean cut and tightly closed (in unweathered rocks), whereas 
tennon joints are more irregular, rough, and open. At the 
surface, joints of all kinds are very susceptible to th^ attack of 
weathering agents ; they are readily opened up by* the work 
of rain, ftost, wind, and plant roots. It is due to t^ opening 
of joints and bedding planes that clifft and mountain scarps 
often resemble roughly hewn masonry (Plates 15a and 32a). 
Along the shore waves attack the roclu selectively along joints 
and the influence of the joint pattern is often clearly shown in 
the outlines of inlets, caves, and skerries (Plate 67 a). The joint 
pattern may also control the course of rivers, the joint planes 
themselves commonly forming the walls of steep-sided gorges 
and canyons (Plate 1). 

In igneous rocks tensile stresses are set up by contraction 
during cooling. In granite masses three series of joints are 
commonly developed, two being nearly vertical and the third 
approximately parallel to the sur&ce. The latter produces a 
sheet structure, which becomes conspicuous when the rock is 
exposed to weathering. The tors on granite moorlands are 
divided up into gigantic blocks with a bold architecture like 
that of a Cyclopean fortress (Fig. 62). 

A quite different architectural effect is produced by the 
columnar jointing of certain basalts and other fine-grained 
and compact igneous rocks (Plate 14b). Somewhat similar 
sets of polygonal cracks can be seen in the dried-up mud of a 
nuush or rivor flat that has been exposed to the sun {rf. Plate 
19). Mud cracks result fiom shrinJ^ge due to loss of water 
Scorn, fibe sui&ce layer. The polygon^ cradcs of basaltic 
dieds are due to contraction durii^ cooling. Whai a hot 
homogeneous totk cools uniformly across a jdane surface, the 



ooLtniNAR jonmMo 

amtraction is equally developed in all directions throughout 
the sur&ce; Ihis condition is mechanically the same as if the 
contraction acted towards each of a series of equally spaced 
centres. Such centres {e.g. G, 1, 2, 3, etc. in Fig. 29a) form the 
comets of equilateral triangles, and theoretically this is the only 
possible arrangement. At the moment of rupture the distance 
between any given centre C and those nearest to it {e.g. 1-6) 
is such that the contraction along lines such as G — 1 is just 
sufficient to overcome the tensile strength of the rock. A 
tension crack then forms half-way between G and 1 and at 
tight angles to the line G — 1. As each centre is surrounded by 




Fig. 29 

To illustrate the formation of an ideal hexagonal pattern of jdints 
by uniform contraction in a plane towards evenly spaced centres 

six others (1 to 6 in Fig. 29a), the resultant system of cracks is 
hexagonal. Once a crack occurs somewhere in the cooling 
layer the centres are definitely localized, and a repeated pattern 
of hexagonal cracks spreads almost simultaneously throughout 
the layer (Fig. 29b). As cooling proceeds into the sheet c£ 
rock the cracks grow inwards at right angles to the cooing 
surface, and so divide the sheet into a system of hexagonal 
columm. 

Neither the physical conditions nor the rocks are usually 
sufficiently uniform to ensure perfect symmetry, and the actusd 
result is a set of ccdumns wiffi fi?om three to dght sides, six, 
however, being by for the commonest numba. Vertical 
contractiod h relieved by oross joints, which are generally 
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either concave or convex, and the columns are thus divided 
into short lengths* The resulting appearance of wdl-trimmed 
masonry is often remarkaUy impressive, as in the tessellated 
pavement the Giant’s Causeway, and the amazing archi> 
tectiue of Fingal’s Cave in Staffa (Plates 3 and Ite). Com- 
parable, but usually cruder and less regular coltunnar jointing 
devdops during the cooling of sills and dykes. In a dyke the 
cooling surfaces are the vertical walls, and Ae resulting columns 
are therefore horizontal. 

Faults 

A fault is a firacture surface against which the rbcks have 
been rdativdy displaced. Vertical displacements up to 
thousands of feet and horizontal movements up to many 
miles are wdl known, but in no case u there any reason to 
suppose that the total displacement occurred in a single 
catastrophic operation. Earthquakes commonly result firom 
sudden movements along faults that are still active, but the 
fault movements are rardy more than a few feet at a time. 
The various types of faults depend on the rdationships between 
the three principal stresses referred to on page 69, assuming, 
of course, that in the circumstances of each case the stress 
difference is suffident to bring about fracture and movement. 
The vertical stress may be due to gravity or magmatic presstue, 
and the horizontal stresses to lateral earth compression or 
tension. Three types of faults occur most commonly, but the 
details given bdow by no means exhaust the possibilities, 
which may be tantalisingly complex. 

In connection with the inclination of fault planes, it should 
be k^t in mind that shear planes curve towards the locus of 
least resistance. This is wdl shown by landslides (Fig. 63). 
yfhsa die Panama Canal was dug, the materials supporting 
the hillsides wa:e locally removed, and there was much 
downward slipping along concave surfaces that b^an steeply 
tiie heights and curved round to the horizontal at the levd 
of the canal flotn’. On the other hand, the direction of least 
resistance may be far bdow the suiftu:^ Just whoe it might 
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be thought that the obstruction would be irresistit^ This 
possibility arises when there are down-dragging movements 
in progress in the depths. 

The sides oi a clean-cut fault plane may be polished or 
striated by faction between the moving bloclb ; such surfaces 
are known as slickemdes. Sometimes, instead of a single 
fracture, there are two or more, forming a strip consisting of a 
sheet of crushed rock of variable thickness. This is dis- 
tinguished as a fandt zone, and the shattered material within is 
called Ol fault breccia. 

(a) Jformal Faults (Figs. 30 and 31 and Plate 15b). — ^The 
vertical stress is the greatest of the three. The resulting fracture 
is generally inclined at an angle between 45° and the vertical. 



Fio. 30 Fto. 31 

The relative movement involved Oblique-slip normal &ult, 

in a normal fault. Fart of the illustrating the meaning of 

&ult plane is left unshaded the term siip 

The beds abutting against the fault on its upper face or 
“ hanging wall ” are displaced downwards relative to those 
against the lower face or “ footwall.” The terms “downthrow” 
and “ upthrow ” for the two sides are, of course, purely rdative. 
In faults recently active the footwall is exposed at the surfoce 
as a fault scarp, and survey measurements sometimes show that 
both sides were uplifted ; one, however, being heaved up more 
than the other. More usually, the two sides have moved in 
opposite directions. Normal faults involve an extension of 
the faulted beds. A boring through the fault would ^ to 
penetrate some particular bed alu^ether, passing between 
its ruptured ends. Such extension indicates that freedenn 
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movement was possible towards the direction of least resistance ; 
the rniTiimum stress in many cases appears to have been a 
tension, involving stretching instead of compression. 


{b) Rmrse or Thrust Faults (Fig. 32).— The vertical stress 
is the least of the three. When the resulting fracture is inclined 

at an angle between 46° and 
the horizontal, as it ofroi is, 
the corresponding fault is de< 
scribed as an overthmst. High- 
angle thrusts or re>^e fruits 
are, however, far qfom rare. 
But whatever the angle, the 
beds on the upper side are 
thrust up the fault plane rela- 
tive to those below. Shorten- 
ing of the fruited area is thus 
involved, and the operation of powerful tangential compres- 
sion is obviously indicated. In overthrusts the upper block 
may be driven forward for many miles (Fig. 38)^y^ already 
pointed out (page 76) overthrusts commonly o^elop along 
the middle Wbs of recumbent folds. In the Alps and 



Fig. 32 

Reverse or thrust fault 



Fio. 33 


Section across the North-West Highlands of Scotland to illustrate overthrusdng 
and imbricate Jtnicture. For Maine Thrust see Fig. 180 


other great mountain ranges enormous overthrust folds and 
overthrust blocks have bera propdled frr from their original 
** roots.” Such far-travelled r^-sheets are called Along 

the thnat plane (Plate 16) of a great overthrust or nappe the 
crushing is generally very severe, and a hard, streaky, or banded 
rock, to w^ch the name uplonite is given, may idtimately be 
produced from the pulverised and roU^-out materials (Fig. 34). 
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PLATE 17 



f/e. Welch 

(A) Dolerite dyke cutting Chalk and Tertiary basalt lavas, Cave Hill, Belfast 



[HM, GeoL Survey 

(B) Dyke cutting breccia, Kiloran Bay, Colonsay 


TEAR FAULTS 



flQ. 34 

Photomicrograph of mylonite formed from Lewisian gneiss 
along a thrust plane near Laxford, North-West Highlands 


(c) Tear Faults (Fig. 36). — ^The vertical stress is inter- 
mediate between the maximum and minimum horizontal 
stresses. The resulting movement is predominantly horizontal, 
the fracture being vertical or nearly so. Tear faults are 
commonly developed in nappes, where they naturally arise if 
one part of a nappe has been driven forward iurther than the 



Fio. 36 

Tear &ult ; also known by tbe 
tenns traascurmt or striki'S^ 
fault 


adjoinmg parts. Other tear faults appear to be due to rota- 
tional movements (about a vertical axis) of certain crustal 
Mocks relative to their surroundii^. Each individual move- 
mart is a small jerk, like that OT the hands of a dock |daced 
horizontally. A sudden jerk of this kind along a tear fiuilt 
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hundreds of miles long caused the earthquake that wrecked 
San Francisco in 1906. Roads, fences, and water mains that 
crossed the fault were cut through and the ends displaced by 
several feet During its history a cumulative movement of 
many miles has taken place along this fault. On the Pacific 
side the apparent movement is towards the north, as if ' the 
Pacific floor were moving in an anticlockwise direction against 
the North American continental block {ef. Fig. 184). 


Modes of Occurrence of Igneous Intrusions 

The forms and attitudes of igneous rocks which have been 
injected into crustal rocks largely depend on their relation to 
the parting planes of the invaded formations. This is seen 

(h) (C) 


Fio« 36 

Diagrams to illustrate dykes and their surface features : 

(a) Dyke more resistant to erosion than wall rocks 
{b) Dyke and wall rocks equally resistant {rf. Plate 17a) 

(c) Dyke less resistant than wall rocks 

most clearly where the strata have remained horizontal or have 
been only gently tUted or folded. One of the commonest signs 
offijimer ^eous activity is provided by the wall>like intrusions 
called dykes (Fig. 36 and Plate 17). Here the magma has 
ascended through approximately* vertical fissures, forcing the 
walls apart as it rose, and so, on cooling, becoming a vertical 
sheet of rock with roughly paralled sides cuttii^ across the 
bedding planes. Such intrusions are said to be tnmsgressive 
or discordant. In certain circumstances the mag^na may open 
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Up a passageway along a bedding plane, making room for 
itsdf by uplifting the overlying rocks. The resulting tabular 
sheet of rock (Fig. 37) is called a sill (Anglo-Saxon, syly a lecfge). 
Intrusions that are parallel to the adjacent stratification are 
said to be concordant. 



Fjo. 37 

Ideal section through a sill (black) in inclined strata 


Dykes vary greatly in thickness, from a few inches to 
hundreds of feet, but widths of five to twenty feet are most 
common. There is also great variation in length, as seen at 
the surface, from a few yards to many miles. Dykes are very 
numerous in some regions of igneous activity. Along a fifteen- 
mile stretch of the coast of Arran, for example, a swarm of 
626 dykes can be seen, the total tldckness of the dykes being 
6,410 feet. Here the local extension of the crust has been more 
than one mile in fifteen. Farther north, focused on Mull, 
there is another great swarm of dykes, some of which can be 
traced at intervals across southern Scotland into the north 
of England (Fig. 38). Most of these dykes are doloites of 
various kinds, though along the margins the rock is generally 
of finer grain, owing to chilling by the walls, and may be basalt 
or even tachylyte. The wall rocks themselves show the effects 
of thermal metamorphism. Coal seams in contact with dykes 
are reduced to a hard mass of natural coke. When a dyke is 
more resistant to weathering and erosion than its walls, it 
projects as a prominent ridge, sometimes running across the 
country like a wall. On the other hand, if the walls are more 
resistant, the d^e is worn away by sea waves) into a long 
narrow trench or deft. In its ordinary usage, the word ** dyke ** 
may rddr to either a ditch or a wall (^f. fig. 36). 



Fio. 39 

Section acroM fte Northern Pennines to show the Great Whin ^ and its 
♦hintUnp and upstepping towards the west. Length of section eqi^ 17 miles. 
TsTriassic. G== Carboniferous. SsSilnrian and Ordovician 

&e north of Northuniberland, the surface outcrop of the edge 
of the Whin Sill swinw round to the castled crags of Bamburgh 
and seawaids to the Fame Islands.' ARiearing again on the 
coast bdow the ruins of Dunstanburgh Casde, it can be fid- 
lowed across Northumberland towards die River North Tyne. 
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[G, P. Abraham^ Lid.^ Keswick 
(B) Tertiary plutonic intrusions, Skye. Red Hills (granite), with Cuillin Hills 
(gabbro) in the left background 



[H.M. Ocol, Survey 

(A) Mudcracks, Torside Reservoir, Longdendalc, Cheshire 



[HM. Geol. Survey 

(B) Filled-in mudcracks in mudstone of Old Red Sandstone age, Clairdon 
shore, east of Thurso, Caithness 




GREAT WHIN 81U. AND DYKES 
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Then for miles its tilted and weather-worn scarp boldly faces 
the north (Plate 18 a), and here, with an eye for the best 
defensive line, the Romans cani^ their fomous Wall along 
its crest. To the south-w<Kt it outcrops in the valleys that 
notch the western margin of the Pennines. Inland from .the 
exposed edge, the Upper Tees cuts through it in the waterfalls 
of Cauldron Snout and High Force. Near Durham it is en- 
countered in depth, over a thousand feet below the surface. 
The thickness of the sill varies from a few feed through a 
general average of nearly 100 feet, to more than 2^ feet. In 
places it divides into two or more sills at different levels, and 
locally it betrays its intrusive character by breaking obliquely 
across the strata from one set of beds to another. T^ observa- 



tion proves that the Whin Sill is not a lava flow, and further 
evidence of this is provided by the fact that the rocks above it 
are metamorphosed, as well as those bdow (Figs. 18 and 39). 

Instead of spreading widely as a relatively thin sheet, an 
injected magma, especially if it is very viscous, may find it 
easio* to arch up the overlying strata into a dome-like shape 
(Fig. 41). Such intrusive forms are typically developed to the 
east of the Rockies, wh^ they were ^t described by Gilbert, 
who called them laccoliths (Gr. laccoSf a cistern, Uthos, a rock). 
There are few good examples of -laccoliths in Britain, though 
many stocks have been wrongly called Is^oliths. Stocks are 
discordant intrusions, whereas laccpliths, like sills, are con- 
OHdant. 

Intruskms, which on the whole are concordant aixd have 
a sauco^like form, are distinguidted as Ic^olWa (Gr. Ic^^ a 
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shallow basin). The best-known examples are of extraordinary 
dimensions, the largest, that of the Bushvdd in South Afiica 
(Fig. 42), being nearly as extensive in area as Scotland. The 
sagging of these great sheets would seem to be an inevitable 
consequence of the transfer of enormous masses of magma from 
the depths to the upper levels of the crust. 

When magmatic pressure is exerted upwards from a more 
or less circular area in depth (like the top of a dome), the 
resulting cracks in the overlying rocks may be either radial 
or concentric, according to circumstances. Dykes arranged 
radially occur around certain volcanic centres hum which the 
outer cover of lavas and pyroclasts has been stripped by 
denudation. Ring-shaped intrusions are less common, bud 



Fro. 42 


l^agranunatic secticn across the lopoUth of die Bushveld, Transvaal. 

Length of section about 316 miles 

1. Crystalline rodcs ot the Basement Com{des 2. Transvaal system 
3. Rooiberg series 4. Sills of dolerite 6. Norite (a variety <d gabfaro) 

6. Granite 7. Filandsberg volctmic centre 

are characteristically devdoped around the intrusive centres 
of the west of Scotland and the north of Ireland (shown 
in Fig. 38). In the type thought to be due to magmatic 
pressure the fractures have the form of an inverted cone. 
Uplifr of an inner cone relative to an outer one involves 
opening of the crack betwmi than into a fissure. Injections 
of magma then give a series of concentric shdls, dipping in- 
wards, as illustrated in Fig. 43. Cone-sheets, as these intrusions 
are called, are remarkably well displayed in Mull, Ardna- 
murchan, and Skye. 

If, on the othor hand, the upper rocks are left rdadvdy 
unsupported, they tend to break dong concentric fractures fike 
those shown in Fig. 44. Subddence then opens die wiiiy for 
injection of magma. resulting intrusions are called rmg- 

J^kes ; they di^ fi^nn cone^heets in being imariy vertical, 
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Fio. 43 

Block diagram to illustrate the form of an ideal series of cone-sheetS| 
and their probable relationship to an underlying magma basin 


dipping outwards at steep angles, and also in being much 
thicker. Now these two characteristics are obviously mutually 
inconsistent, since sinking of a cylinder or steep-sided cone 
could not possibly make room for the very thick ring-dykes 



BATHC»UZHS 


that are actually known. Ilie ring>dykes must, ^erefore, haVe 
been emfdaced by dther displadng or replacing Ibe wallorocks 
of a ring-fracture, or the rocks lying between two or more 
concentric xing-firactures. How this difficulty can be met we 
shall consider in coxmection with bathoUths, where the ** space 
problem ” has to be squarely fficed. 

BathoUths (Gr. bathos, depth) are gigantic masses of essen- 
tially igneous rocks, generaUy composed of granite or grano- 
diorite, with highly irregular dome-like roo&, and walls that 
plunge downwards so that the intrusions enlarge in depth and 





Block diagram to illustrate the characteristic features of a batholith 

appear to be without visible foundations (Fig. 45). They 
occur in the hearts of mountain systems of ail geological ages 
and are seen wherever denudation has cut down suffidently 
deeply. Although in detail their margins are markedly dis- 
cordant towards the siurounding rocks, they are generally 
dmrgated parallel to the general trend of the mountain 
systems in which they are found. Some of the bathcdiths of 
western America have been exposed over lengths d* many 
hundreds cS miles, ffie width b^g usually about a tenth 
tlm length cr less. 

' Smaller intniskms of similar type, but less dougated and 
with areal dimensions oi only a few square milm or less^ are 
calkdstodts. Many of these are probably offihootsfeom uiideiv 
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lyin^ batholiths, of whick only the parts have bem 

exposed to view by denudation. Mining operations have <^en 
shown this to be the case. When a stock has a rot^hly circular 
outline, like the Shap granite of Westmorland, it is sometimes 
referred to as a boss. 

Some ouunples of stocks and bosses may have come into 
position by a process called cauldron subsidence. Part of the 
cylindrical block of country rook endosed within a vertical 
ring-dyke may fotmder into the underl)dng magma reservoir, 
while volcanoes are active at the surface. The spiKe between 
the lava roof and the sunken block fills with mama which 
consolidates as, say, granite. On denudation the bora of granite 
is revealed by the removal of the volcanic rocks. Glencoe 
there is visible evidence on the hillsides that such subsidences 
have actually occurred. In recent times a similar process, 
involving the collapse of the roof itself {i.e. of part of a volcanic 
cone), has been responsible for the formation of giant volcanic 
calderas Fig. 240). 

The Emplacement of Batholiths 

Cauldron-subsidence cannot be the mechanism by which 
batholiths have been emplaced, because many of them still 
retain patches of their ori^nal roof of country rocks. More- 
over, the mechaiusm implies the presence in depth of a magma 
reservoir of batholithic dimensions tdiich itself calls for ex- 
planation. As in the case of thick ring-dykes, the question has 
to be £aced : What has happened to the crustal rocks that 
formerly occupied the space now taken tq> by the batholith ? 
If tile batholith was entirely formed by the ccmsblidation of 
magma that ascended bodily fiom bdow, then the pre-existing 
rocla must have been displaced upwards^ sideways, or down- 
wards. 'But only a part di the space required can be made 
available in ways like these. Observations of roof and wall 
show that outward displacotnents ci t^e country rocks do occur, 
butordy on a rdativdy small scale, sudi as would be mevitable 
aroimd any large expandmg mass. 

Downward dispkcement seems at first sij^t to bemme 
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{womin^. This iavdves diattering the ^t>of rocks by 
thermal expandon, dhlodgmeBt df the fragments by the 
pendxation of gases and tongues of magma into cracks, aial 
finally the engu^ent and sinking of the blocks. Thb process 
is called magmatic stoping. Incltisions of country rocks of aU 
sizes, more or less intensely metamorphosed, are crfien pre- 
served in the upper levels of stocks and batholiths. They are 
known as xenoliths (Gr. xenost foreign). In depth, however, 
they become gradually smaller and less numerous, and more 
and more like the granitic rocks enclosing them, until finally 
they disappear altogether. Evidently they have been in- 
corporated into the granite and the space problem remains. 
Moreover, long “ islands ” of country rocks like those of the 
metamorphic aureole can sometimes be recognized in the 
granite, their structures remaining in continuity with those of 
the bordering country rocks, though they may often be no 
more than vague shadowy outlines, seen through a veil of 
granitization (Plate 11b). Black metamorphosed dolerite 
dykes, older than the batholith, can sometimes be traced into 
it as partly granitized “ ghosts.” Since the heavy dyke rocks 
did not sink, there is no reason to suppose that the associated 
metamorphosed sediments could have done so. 

The stoping hypothesis has to face another serious difficulty. 
If gramte magma ascends in great bulk towards the surface 
in this way, it should often have broken dean through the 
crust to ftum gigantic volcanoes erupting rhyolite and obsidian 
and the corresponding pyroclasts. But this has very rardy 
happened, as the retention of the original roof clearly proves, 
hforeover, if granite magma rose from the depths in quantities 
corresponding to the etrormous volume of batholiths, it 
would be by far the most abundant oi all magmas. In this 
case rhyolite should be the most abundant of all vdcanic 
rocks. But it is not. Although granite and granodioiite are 
easily the commonet d* jdutonic rocks, it is basalt that k the 
cqmmonet d[ the volcanic rocks. This striking ffict strmigiy 
suggests that the volume actual magma concerned in die 
devdc^iment of batholiths was rdativdy small in conqiatbon 
with thdr oftinmous bulk* 
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l^ce we cannot solve the space problem bjr sinkmg the 
pre-esdsting rocks out of the way or by pushing them upwards 
or ndeways, it fidlows that a high proportion of the material 
of the origi^ rocks must still be diere, thou^ now trans- 
formed into granite and associated types of igneous rocjss. 
Every positive line of evidence supports this view, including 
that already summarized on p. 65. Apparently the original 
rocks were not invaded by granite magma as such, but by 
hot granidzing fluids rich in gases. These soaked through the 
rocks, chan gin g thdr composition, metamorphosinguhem with 
an intensity that reached ultrametamorphism, therepy leading 
to the generation of granitic magma in sOu, and rendering the 
whole mass mobile, so that it became igneous. ^ 



Chapter VII 

ROCKS AS THE PAGES OF EARTH HISTORY 
The Key to the Past 

So &r we have dealt with rocks as materials which have been 
formed from pre-existing materials by the action of geological 
processes. Rocks are also the pages of the book of earth 
history, and the chief object of ^torical geology is to learn 
to decipher these pages, and to place them in their proper 
historical order. The fundamental principle involved in 
reading their meanings was first enunciated by Hutton in 
1785, when he declared that the present is the key to the 
past.” Rocks and characteristic associations of rodcs, with 
easily recognizable peculiarities of composition and structure, 
are observed to result from processes acting at the present day 
in particular kinds of geographical and climatic environments. 
If similar rocks belonging to a former geological age are found 
to have the same peculiarities and associations, it is inferred 
that they were then formed by the operation of similar pro- 
cesses in similar environments. 

We have already, as a matter of ordinary common sense, 
had occasion to apply this principle. Tlie presence in a lime- 
stone of fossil cords or ammonites, or of the shells of othor 
marine organismsj, indicates that the limestone was deposited, 
on the sea floor, and that what now is land once lay beneath 
the waves. The limestone may pass downwards or latmdly into 
shale, sandstone, and ccm^omerate. The last of these r q a es en ts 
an did stom beach, and it indicates flte shore line whoie land 
and sea came tt^ether. Elsewhere, dd lava flows repmitont 
die erupticms of ancient volcanoes ; beds d* rock salt point to 
the former existence of inland seas that evaposrated in the 
simshine ; seams of coal, which are the compressed rmains 
df dMmmulations of peat, suggest widesinead s^^unps and 
luxuriant vtg^atioa ; and amootl»d and striated rodr sm&ces 
associated mth beds cf boidder day pmt the fmmer ex- 
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tensifm of ^bkdal ocmditiiRts. In every case the diaractos of 
older formations are matched widi those of rodb now in the 
making. 

Even the weather may be recorded In the structures ci the 
rocks. A brief rain shower &lling on a snaooth surface of fine- 
gramed sediment leaves its marks as little crater-like {nttings 
known as rain prints. Sun cracks develop in the mud flats of 
tidal reaches or flood plains when the mud diitf up and 
shrinks (Plate 19a). Occasionally it happens tha^the poly- 
gonal cracks become filled with wind-blown sand before the 
next tide or flood sweqn over the area. Thor, instead of bong 
obliterated, they have a chance to become permanent. Thus 
it comes alx>ut that similar structures are preserved ^m older 
beds of corresponding origin (Plate 19b). As far back as 
ge(fl(^cal methods can be applied to the earth’s history, such 
rdics c£ fossil weather ” prove that wind, rain, and sunshine 
have always been much the same as they are to-day. Never- 
theless, the distribution of climates over the earth’s surface 
has varied in a most astonishii^^ way. 

In our own country the work of former ice shebts and 
glaciers is stiU written conspicuously in the landscapes and 
superficial deposits left behind when the ice began to retreat 
about 20,000 years ^o. In striking contrast, the very much 
older day through which the London tubes are bored contains 
remains of vegetation and shells and reptiles like those of the 
modem troi»cs. In still earlier periods there is evidence oi 
desert conditions. Elsewhere the vidsshudes of climate are 
equally startling. In India and in central arid southern 
AMca there is dear proof that while Ihitain was a land of 
swan^, tropical jungles (die time coal formation) these 
lands were buried under great ice sheets like those of Greenland 
and Antarctica at the present day. In Greenlandy however, 
the okterTodb contain imnains of vegetation that could liave 
grown only in a warm climate, while near the South Pole 
Captain ScoNit found beds of coaj, pointing to ctmdirions very 
diiim^ fooitn those of to-day. 

We may matt turn to certain examples cf* Huttxm’s prindjfle 
vdneb can be applied to {m^ms ccamected with tarm mom- 
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meats. Whea sand is deposited from current of shallow water, 
slmals and sandbanks are often built up. The bedding of a 
growing sandbank follows the gently curved slopes on whidh 
the sand is dropped, giving a pattern in cross sectitm which, 
under ideal conditions, resembles that shown in Fig. 46a. 
With changing conditions, posnbly during a storm, the upper 
part of the sandbank is swept away, and the bed^ng planes 
are sharply truncated by an erosion surface such as AB. 

Later on, another group of sandbanks is likely to be de- 
posited on the flat surface thus provided. So, in a quarry <x 



(b) „ (0 

Floor Truncated Top 

Fxo. 46 

Sections to illustrate current bedding and its value in determimng whether a 
bed is right way up or upside down 

(a) Hie current-bedding structure is complete 

(b) The upper part has been eroded off down to AB. The 

truncated current-bedding pattern is the right way up 
{c) The truncated current-beddi^ pattern is upside down 

diif exposure of an old sandstone, we may find diat within 
certain bands the bedding is oblique and variously inclined 
to the general “ He ” of the formation as a whole (Plate 20a}. 
This structure, which is original, and not due to tiltio^ or 
folding, hi called cross bedOng or current beMng. Sand dunes, 
accumul^ing fr?om wind-blown sands^ also exhibit croes 
bedding, die pattern of which rqiroduces, wholly or in part, 
dte characteristic outlines of dunes (Fig. 137). 

Now we may take a further st^. page 7S it was stated 

that some of the rocks of Scotiand are upside down ibr haany 
mfles, and the reader may wdl have how^mdi ar 
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tMng oan be kaowa. Hutton’s ;(mndide cann^ be apf^ed 
ditectly, because no-cme has ever rntne^ed rocks being turned 
upside down by overfolding. Hei^ however, cross beddii^ 
comes to our aid. fig. 46b shows that when the upper part 
of a sandbank is removed by erosion the cross bedding that 
remains is abruptly truncated at the top, whereas at die bottom 
it curves gendy into the main stratification. The truncated 
top and the original floor of the band of sandstone kre clearly 
distinguishaUe. At Kinlochleven and otho* placestin Aigyll- 
shire observations of cross bedding show that the flror is now 
aiove the truncated top (as in Fig. 46c). The bedsUn which 
this inverted structure appears are therefore known to W upside 
down. \ 

J^pple maris, like those seen on a beach after the tide has 
gone down, are often preserved in ancient sandstones. Desert 
sands aie often beautifiiUy rippled by the wind (Hate 5a), but 
fixim the nature of the case wind ripples are very rarely pre- 
served. Ripple marks formed by the to-and-firo movements of 
water have sharp crests and rounded troughs, and conse- 
quently the top and bottom of any bed of sandstone iii which 
they occur can easily be recognized. Where such ripples 
remain in formations that have been disturbed by severe fold- 
ing, they, too, can be used to determine whether a particular 
bed is upside down or not (Plate 20b). 

There are, of course, certain processes and rocks to which 
Hutton’s principle caimot be applied. It is impossible to 
observe granite in tiie malting, nor has it bem found possible 
to make granite experimentally. Piedsely for these reasons 
the problems assocmted with the origin of granite and other 
plutonk: rocks have long remained matters of speculation, and 
therrfore of controversy. In the circumstances of the case the 
presoit provides no key to the past, and all we can do is to 
suggest processes of diflusitm, magma formation and crystal- 
lization, vdiich are consistent with the structures ami rdation- 
sl^ of tile rocks in question. S^nce the evidmce is 

of^ difficult to interpret, there is oftai a dbbice between rival 
possibilities. Moreover, the eartii*s mtemal bdbaviour is not 
fiimled by our present knowlec^ of phyiks and chentiMry. 
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We have certainly no right to assume that all the posriyiities 
have yet been discovert* It is therefore not surprising that 
attempts to reverse Hutton’s principle and use the past as 
the key to the present have so far been only partially successfiiL 


The Succession of Strata 

To place ah die scattered pages of earth history in thdr 
proper chronological order is by no means an easy task. The 
stratified rocks have accumulated layer upon layer, and where 


N.W. Ingleborough $£ 



Fio. 47 

Section across Ingleborough and its foundations, showing the unccmformity 
between the Carboniferous beds above and the intensely folded Lower 
Palaeozoic strata below. Length of section equals 4 miles. (After D. A. Wray) 

a continuous succession of flat-lying beds can be seen^ as on 
the slopes of Ingleborough (Fig. 47), where there has been no 
inversion of beds by overfolding or repetition of beds by over- 
thrusting, it is obvious that the lowest beds are the oldest, and 
those at the top of the series the youngest. Where a series of 

Malvern HJIs Cotsmkiltils Chllfm Hills 



Section firom the Malvern Hills to the Ghiltem NSHa 
1, Prc-Tiiaasic (Predambrian and Cambrian) 2. Tiiassic 3. 

4. Lower Oolites 5. Oxford Olay 6. Corallian 7. Kimmeridge Clay 
8. Portland Beds 8. Gault and Upper Greensand 10. Qialk 

beds has bem tilted, as between Gloucester and Londtm, the 
wom-down edges of layer i^er layer come in turn to die suifoce 
and it beoimes posrible to place a long succession of beds in 
thdr proper sequence (F^. 48). 
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Araund Ingleborough die great limestone platform the 
Famines can be traced over a wide stretch ^ country^ but 
where the streams have cut through to its base, the limestone 
is found to lie on the upturned edges oi strongly folded and 



Deposition of 
Sediments 




Uplift and 
Sculpturing of 
Surface by Denudation 



Ruction of Surface to 
a Plain by Denudation 


Subsidence and Deposition 
of a new series of Sediments 

‘UNCONFORMITY 


Diagrams to illustrate successive stages in die development of an uncos^fonnity 

crudely deaved beds, as shown in Fig. 47 and Plate 21a. Here 
there is evidently a sudden break in the contmuity t£ the 
record. Such a break, which may r^nesent a very long 
intdval of geol(^;iad thne, is called an vMmfomSty, The beds 
above ^ break iit the sequence are said to be ;anil(»taal^ 



Fio. 40 




SEONmCANOB OF FOSSILS 

and to rest unconfonnably on the roci» bdow. The latter 
cons^t of gritty sandstones and slaty strides. After liaar 
deposition on toe sea floor as newly formed sediments, toey 
were laterally compressed into folds in toe heart c£ an andent 
mountain range — a range which extended throughout Scandi* 
navia and much of toe British Isles, and is known to geologists 
as toe Caledonian range because much of Scotland Is carved 
out of its contorted rocks. By denudation the folded grits and 
slates were gradually uncovered and ultimately reduced to 
an undulating lowland. Then toe wom-down surface was 
submerged beneath toe sea, to become toe floor on which the 
horizontal sheets of toe Pennine limestones were toiposited. 
Successive stages of the events which occurred during the time- 
gap represented by the unconformity are shown by toe dia- 
grams of Fig. 49. 

In general terms, every unconformity is an erosion surface 
of one kind or another, representing a lapse of time during 
which denudation (including erosion by the sea) exceeded 
deposition at that place. If sediments were deposited there 
during toe interval, toey must subsequently have been removed. 
The time-gap is likely to be represented by strata somewhore 
else (see Plate 21b), and our next problem is how to recognize 
such strata if we &d them. 

The Siomificance of Fossils 

The solution of this problem was toe great achievement c£ 
William Smith, a land surveyor who was bom hear Oxfmrd in 
1769. As a boy he collected fossils fix>m the richly tossiliferoos 
beds near his home, and in later years he carefhlly collected 
suites of fossils from each of toe sedimentary formations repre- 
sented in Fig. 48. He found that while some of toe fossils in 
any particular bed might be the same as some of thoK from 
the beds above or bdow, others were definitely distittctive. 
Eatto formation had, in fact, a suite r^fosrils peculiar to hsdyr. 
By 1799, vtoen his duties had taken him further afidd, he had 
examin^ all toe formations flom the Goal Measures to toe 
Cfoalk, and evezywfaere ^ foimd the same types of fossils in 
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CmRELATION OF FntATA BY F08S1U 

the same formations and different suites c£ fossils in different 
formations. Smith had discovered that the spedal assonhlago 
of fossils rqjresenting the organisms that lived during a certain 
interval of time never occurred earlier, and never appeared 
again. The relative age, or position in the time sequence, of a 
formation could thus be ascertained &om its distincdve fossils. 

The principle of identifying the ages of strata by their 
fossils has now been firmly established all over the world. Strata 
in Europe and Australia, for example, are now known to be 
practically contemporaneous if they contain similar suites of 
fi}ssi]s. The time required fin: the migration of a particular 
species fixnn one region to another does not introduce any 
practical difiiculty, because the intervals represented by even 
the smallest divisions of geological time run into hundreds of 
thousands or even millions of years, whereas the time required 
for xnigration is relatively short. Everywhere the sequence of 
fossils reveals a gradual unfolding of different forms of life, and 
thus it becomes possible to divide the whole of the fossiliferous 
stratified rocks into appropriate divisions, each division having 
its distinctive fossils and a definite chronological position. 
Examples of some characteristic fossils are illustrated in 
Fig. 60. 

The Geolooical Time Scale 

As the book of earth history is immensely long, it has been 
found convenient to classify its contents in much the same way 
as a long book is divided into volumes, chapters, sections, and 
paragraphs. Two sets of terms are employed for each division, 
because it is essential for clarity of thought to discriminate 
between the strata themselves and the time-intervals they 
represent : 


Divisions of a Book : 


Volume 

Chapter 

Section 

Para^ph 

Divisions of Strata : 




Group 

System 

Series 

Fmmation 

Corresponding Intervals , of Tim : 



Era 

Period 

Epoch 

Age 
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KOGKS AS THE PAGES OF EARTH HISTORY 

A coal seam, for. example, is a formaHon. A great number dt 
coal seams, together with the associated shales and sandstones, 
make up dbe series known as the Goal Measures. Below this 
series comes the Millstone Grit, a series of massive sandstones 
and grits ; and below this in turn a series characterized -by 
limestone formations. The three series together constitute the 
Carboniferous y/stem, the rocks of which came into existence 
during the Carboniferous period. The latter, witl^ five oth^ 
periods, make up the Palseozoic era. 

Hie table on pages 104 and 105 shows the general scheme 
of classification by eras and periods which was gradually built 
iq} by the pioneer workers of the last century. It will be 
noticed that the eras have names which broadly eilpress the 
relations of the life forms then flourishing to those of the 
present day. Beyond the Palaeozoic era there are enormously 
thick systems of rocks passing down into widespread areas of 
schists, gneisses, and granites, which form the “ basement 
complex ” of any given area. Only rare amd obscure remains 
of life have been found in the less altered sediments, of these 
ancient rocks, of no value for defining world-wide systems. 
The only collective name for them all is Pre-Cambrum. 

Igneous Rocks and the Geological Time Scale 

To determine the geological ages of igneous rocks it is 
necessary to observe how they occur in relation to associated 
stratified rocks of which the ages are known. Volcanic 
activity of former periods may be represented by volcanic 
tufis or lava flows, either of which may be foimd on old land 
suifiices or interbedded with sedimentary beds. In the latter 
case the age of the activity is that of the strata containing the 
tuf& or lavas. It is less easy to fix the age of an intrusion. The 
introsion~must, of course, be younger than the youngest of the 
invaded strata, and it must be older than any be^ subsequently 
deposited on its wom-down surface. -A closer upper limit can 
sometimes be fixed by applying the axiom that a pebble must 
be dder than the conglomerate in which it occurs. Pebbles of 
Sfaap granite for exanqile, easily identified by the flesh-colQured 



GeoL Survey 

(A) Current bedding in Old Red Sandstone, shore at Wemyss Bay, 

Renfrewshire 



[G. W. Tyrrett 

(B) Ripple-marked slab of Moine gneiss, folded into a vertical position, 
with the lower side facing the observer, Glasnacardoch, south of 
Mallaig, Inverness-shire 


PLATE 21 



IH.M. Geol. Survey [H.M. Geol. Survey 

(A) Unconformity: Carboniferous limestone resting (B) Gorge cut in conglomerate of Old Red Sandstone 

on inclined Silurian flagstones, Helwith Bridge, age (deposited during period unrepresented in A), 

Yorkshire R- North Esk, Angus-Kincardine boundary 



MEASUREMENT OF OEOIOOICAI. TIME 

porphyritic felspars {rf. Fig. 12), occur in the congjiomerates at 
the biae of the Carboniferous system in Westmorland. ITie 
intrusion is therefore pre-Garboniferous. Since the granite 
itself invades Ordovician volcanic rocks and Silurian sediments, 
it must have been emplaced either late in Silurian times or 
during the Devonian period. The Shap granite is only one of 
an immense number of intrusions associated with the devdop* 
ment of the Caledonian mountain range, to which reference 
is made below (Fig. 61). In the case of the Whin Sill, the time 
of intrusion can be fixed as late Carboniferous or early Permian, 
because it locally cuts Coal Measures, and pebbles of it occur 
in a Permian conglomerate found in the Vale of Eden not far 
from the edge of the Pennines. 

Although igneous rocks contsdn no fossils by which they 
can be relativdy dated, they sometimes contmn rare radio- 
active minerals ; and these, in fevourable circumstances, have 
preserved within themselves a record of the actual period 
which has elapsed since they crystallized. Radioactivity is the 
process whereby the atoms of certain unstable dements (of 
which uranium and thorium are the chief) break down into 
atoms of other dements ; the final stable end-products being 
the gas helium, and the inert metal lead. Helium, bdng a 
gas, tends to escape, but the lead accumulates. Thus a radio- 
active mineral such as uraninite, which begins its existence as 
UO^ has been engaged ever since in keeping a material register 
of time, afrer the manner of an hour-glass. Uraninites fixrni 
comparativdy recent igneous rocks contain very little lead, 
but in those from very old rocks as much as 10 or evm 16 per 
cent, of lead may have accumulated at the expense of the 
uranium. Since ^e rate of production of lead fiom uranium 
is known, it is possible by makii^ a chemical analysis of a 
uraninite to determine its absolute age in millions of years. 
If thorium is also presoit in the ra^oactive mineral, as it . 
oftm is, its output of lead must also be taken into consideration. 
The expression Pb/(U4' 0*36Th) is called the lead-ratio <£ tlm 
ntineral, the symbols representing percentages (£ the dements 
concerned ; the corresponding age in millions of years is given 
approxana^y by multiplying the lead-ratio by 7,600. 
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Provided thait the radioactive minerals have remained 
unaltered since they crystallized, it follows that aU minerals 
with the same lead-ratio are of the same age. When the 
mineral used is known to have crystallized in an igneous rock 
or mineral vein at the time when the rock or vein came into 
existence, its lead-ratio serves to determine the age of the rock 
or vein. If, in turn, the geological age of the latter is known 
from its relations towards the associated fossilifeijous strata, 
then the absolute age corresponding to the geolomcal age is 
also known fairly closely. The time-scale based (m the most 
rdiable of the lead-ratios so far determined is given in the table 
on ps^e 106 . \ 

Earth Movements and the Geological Time Scale 

As indicated in Fig. 61 , great mountain-building movements 
have been particularly active at certain times in the earth’s 
history, during which the rocks of long belts of the crust were 
intensdy compressed. Earth movements of this kind, wd also 
the resulting folded belts, are described as orogemc (Gr. oros, 
a mountain). Mountain building — ^in the purely structural 
sense, without reference to the subsequent effects of denudation 
— ^is also referred to as orogenesis, and a time of mountain 
building is often called a tectonic or orogenic revolution. Nine 
such revolutions have already been recognized, three since the 
Cambrian and six before (see Fig. 62 ), with long intervals of 
relative quiescence between each pair, during which thick 
masses of sediments were accumulated from the denudation 
of the lands then exposed. We are now living near the close 
of the orogenic revolution of the Gainozoic era. Ideally, an 
era can be thought of as a cycle consisting d£ one of these long 
intervals (rqiresented by the sediments then deposited) to- 
gether wi& &e orogeiic revolutioirthat thought it to an end 
(represented by fol<hi^ of die sediments). Actually, however, 
ibt revolutions are not found to be sHictiy contemporaneous 
in different parts of the wca'ld, and coi^equentiy the time 
£via^ so defined fi>r one continent would not coincide 

CRMily with tiiose fiir other continents. 
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THE DATINO OF EARTH MOVEMENTS 

Oiogenic movements are essentially tangential to the crust 
Radial movements, in which continental r^ons are raised or 
lowered, with little folding, if any, are distinguished as epdro- 
gme (Gr. epeiros, a continent). Emergent lands and plateaus 
result fiom epeirogenic movements of uplift. Widespread 
continental areas are uplifted towards the close of each revolu- 
tion, and the lands then become extensive and locally high, 
as they are at present. Epeirogenic movements of depression 
lead to the development of sunken regions, of which the Black 
Sea and the Mediterranean basins are modem examples. 

The marine sediments on the land also record fluctuating 
changes of level, which no doubt must be largely ascribed to 
epeirogenic movements. A geological period is characterized 
by one or more invasions of the land by the sea, during which 
the marine beds of that particular system were deposited. Each 
invasion can be divided into (a) an advancing phase, as the 
sea overflows the slowly subsi^ng lands ; culminating in (i) 
the phase of maximum flooding of the lands ; and (r) the phi^ 
of retreat of the sea. As an era consists of several periods, it is 
evident that relative to sea level the lands may rise and fall 
many times during the interval between successive revolutions. 
Occasionally it happens, either within a period or towards its 
dose, that retreat of the sea is brought about by orogenic move- 
ments on a smaller scale than those referred to as revolutions. 

Each revolution or minor orogenesis is recorded in the 
geological time scale by folding of the rocks, and by the 
presence of an unconformity between those rocks and die im- 
mediatdy overlying sediments. The geological the 

folding is obviously later than that of the youngest d* the 
Added beds and earlier than that of the oldest beds above the 
unconformity. Only the last three or four revolutions can be 
effectivdy dated in this way. The earlier otus involved beds 
which cannot be dated by means d fossils, and their ages can 
therefore be known only fiom the lead-ratios d radioactive 
minerals. Fortunately, the lattor most commonly oamr in 
granitic rocks that crystallised in the orogenic bdts toward the 
dose d each revolution. Gonsequendy, whoi diey dq oecur,:^ 
they serve to date foe revdutKHi with which they are associated, ; 
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PARTII EXTERNAL PROCESSES AND 
THEIR EFFECTS 

Chapter VllI 

ROCK WEATHERING AND SOILS' 
Weatherino and Climate 

Weatherino is the total effect of all the various sib-aerial 
processes that co-operate in bringing about the decay and 
disintegration of rocks, provided that no large-scale transport 
of the loosened products is involved. The work of rain-wash 
and wind, which is essentially erosional, is thus excluded. The 
products of weathering are, however, subject to gravity, and 
there is consequently a universal tendency on the part of the 
loosened materials to fall or slip downwards, especially when 
aided by the lubricating action q£ water. It is, indeed, only 
through the removal of the products of weathering that fresh 
surfaces are exposed to the further action of the weathering 
processes. No clean-cut distinction between weathoing and 
erosion can therefore be attempted. 

The geological work accomplished by weathering b of two 
kinds : (0) physical or mechanical changes, in which mateiiab 
are disintegrated by temperature changes, frost action, and 
(urglljsms ; and (b) chemical changes, in which minerals are 
decomposed, dissolved, and loosened by the water, ox^;en, 
and carbon dioxide of the atmosphere, and by oiganisms and 
the products c£ thdr decay. Ihe |diysical, dh^^, and Ino* 
kgicalag^ts»:tivdyco-operide\^ one another. Shatterii^ 
requires stresses pownful enough to OYcroosne the stroogdi 
the materiab} but the latter b genoally g^dy reduced by the 
fneliiiabaTy i^n df decmnposilbm. Shsdteih^ in turn 
{»ov^ inoieased t^ipoitunities for die Luther penefratimi of 
dbe #einicBl ag^ts. Everyudiae fuU advaiba^ b taken of 
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the jdnts and bedding planes which, together with the cradb; 
newly formed, admit air, water, and rootlets down to quite 
considerable depths. Thus, although the processes of weather- 
ing may be considered separately, it must not be forgotten 
that Ac actual work done is Ac resultant effect of several pro- 
cesses acAig togeAer in intimate co-operation. 

The materials ultimately produced are broken fragments 
of minerals and rocks ; residual decomposition products, 
such as day ; and soluble decomposition products which are 
removed in solution. The products of weaAering Affer widdy 
in different places according to Ae climatic conAtions and Ae 
relid and coiAguration of the surface. In general it may be 
said Aat disintegration is favoured by steep slopes and by the 
conAtions characteristic of ffost-ridden or desert regions, 
while decomposition and solution are favoured by low relid 
and by humid conditions, espedally in tropical regions. In 
Ae temperate zones Ae weather is widdy variable, and most 
of Ae leading processes are to be found in operation during 
one part of Ae year or anoAer. 


DmNTEORATION BY TEMPERATURE CHANGES 

Frost is an irresistible rock breaker. When water fills 
cracks and pores and crevices in rocks and Aen fireezes, it 
expanA by ten per cent, of its volume, and exerts a bursting 
pressure of about 2,000 lb. to Ae square inch. The rocks are 
ruptured and firagments are wedged apart, to become loose 
when thaw sets in. Steep mountain slopes and dif& are par- 
tictdarly prone to destruction in this way, especially where 
jdnts ate plmtiful. The firost-shivered fiagments fall to low» 
levds, and accumulate Aere as serees of angular debris (Hates 
22 and 23 a}. Above, Ae ragged sky-line rises out of Ae ruins. 
The screes of Wastwater, Ae flying buttresses c£ Snowdon 
(Hate 64B)^aad Ae great pyramid of Ae MatteAom (Plato 60) 
are flutiiBar witnesses to Ae quarrying power of firost For a 
tiirie Ae sqwes jHOtect the lower slopes, but Adr pem^aiient 
accumulation is {uevented by landslides and avalandies, 
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transport by rivers and gladers, and coast erosion by the sea. 
In sub-arctic regions wide shore-platforms are produced by the 
co-operation of tbe waves with melting snow and frost in their 
ceaseless attack on the clijB& (Fig. 164). 

In arid climates the rocks exposed to the blazing sun 
become intensely heated, and in consequence an outer shdl 
expands and tends to pull away from the cooler layer a few 
inches within. If die rocks are appropriately | bedded or 
jointed, actual separation of a curved shell readily lakes place. 
If the rocks are massive, they must frrst be weened by 
chemical weathering, but sooner or later rupture occurs. 
When the rocks cool down again, the r^ulting conWacdon is 
relieved by the development of cracks at right an^es to the 
surface. Ibis part of the process is facilitated by rapid chilling 
due to sudden rainstorms, for in the rare downpours of desert 
regions the rain may be near freezing-point, and even hail- 
stones are not unknown. Shells and flakes of rock are thus 
set fi%e and broken down into smaller fragments. The dis- 
integration of pebbles is often conspicuous (Plate 23 b). In- 
dividual minerals swell and shrink and gradually crumble 
apart, especially in coarse-grained rocks like granite. Even in 
temperate regions the effect of the sun is far fix}m negligible. 
Building stones exposed to the sun are found to decay much 
more rapidly than those facing north or otherwise in the shade. 

In desert and semi-arid regions and in monsoon lands with 
a marked dry season a characteristic effect on the outlines of 
upstanding hillocks and peaks, especially where they are made 
of crystalline rocks, is produced by exfolioHon, the peeling off 
of curved shells of heated rock. At edges and comers the 
ruptures are particularly curved, because there the increase 
<£ temperature penetrates more deeply into the rock than 
yAure flat surfaces are exposed. Sharp comers and prelecting 
kn^ are the first to frdl away, roumled outlines are devdoped, 
and the hills become dome-shaped. On convex slopes, suc- 
ceirave didis may be seen, overlapjnng like the tiles on a roof, 
ready to frll away as soon as it is liberated the frutna- 
tiott xa^al cracks. Ibis efiect is wdl seas in the inselb^gs 
(isolated ** »land '* mounts) of* hfenambaque and other parts 
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PLATE 22 




[L, Hawkes 

(A) Screes from the Tertiary igneous rocks (granophyre and gabbro) of 
Austerhorn, Iceland 



[J. J. H, Teall 

(B) Desert surface near the Pyramids, Cairo, showing pebbles shattered by 

temperature changes 





GBOIOOXCAI. WOKK OF OROANltma 


of A&ica (Fig. 144 and Plate 66a). Sometixius aftix stonet 
tlie loud report of a splitting rock and the noise of its &11 
down the mountain side can be heard. 


The R6le of Animals and Plants 

Earthworms and other burrowing animals such as rodents 
and termites play an important part in preparing material 
for removal by rain-wash and wind. Worms consume large 
quantities of earth for the purpose of extracting food, and the 
indigestible particles are passed out as worm-casts. In an 
average soil there may be 160,000 worms to the acre, and in 
the course of a year they raise ten to hfteen tons of findy com- 
minuted materials to the surface. 

The growing rootlets of shrubs and trees exert an almost 
incredible force as they work down into crevices. Cracks are 
widened by ocpansion during growth (Plate 4b) and wedges 
of rock are forcibly shouldered aside. Plants of all kinds, 
including fungi and lichens, also contribute to chemical 
weathering, since they abstract certain dements from rock 
materials. Moreover, water containing bacteria attacks the 
minerals of rocks and soils much more vigorously than it 
could do in their absence. The dead remains of organisms 
decay in the soil largdy as a result of the activities of bacteria 
and fungi. In this way carbon dioxide and organic adds, 
together with traces of ammonia and niixic add, are liberated, 
all of which increase the solvent power of sod-water. The chief 
organic product is a “ complex ” of brown jdly-like substances 
cc^ecdvdy known as kumus. Humus is the characteristic 
organic constituent of soil, and water containing it can dis- 
solve small amounts of certain substances, such as limonite, 
which are ordinarily insoluble. 

Another effect of vegetation, one which is c£ vital import- 
ance in die eamomy of nature, is its protective tmtimi. l^t- 
lets bind the soU into a woven mat so that it remains p<HO 08 
and aUe to absorb water without bdn^ washed away. The ' 
dcMrucdve effects df non and wind axe thus eSecdv^ 
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ROCK WEATBEIUNO AND SOILS 


straixwd. Forests bteak the force of the rain and prevent the 
rapid melting of snow. Moreover, they regularize the actual 
rain&H and preclude the sudden floods that afilict more sterile 
lands. For these reasons the reckless removal of forests may 
imperil the prosperity of whole communities. Soil erosion is 
intensified, agricultural lands are impoverished and lost, and 
barrm gullied wastes, like the badlands ” of North America, 
take their place (Plates 32b and 63a). Except heavy 
rainian, the rivers run dean in forested lands, but l^er de- 
finestation their waters become continuously muddy. Destruc- 
tion of the natural v^tation by land clearing and ploughing, 
and the failure to replace forests cut down for timbo' or 
destroyed by fire, have had disastrous economic conse<|uences 
in many parts of Afiica and America. Man himself has been 
one of the most prodigal of the organic agents of destruction. 


Chemical Weathering 

The alteration and solution of rock material by chemical 
processes is latgdy accomplished by rain-water acting as a 
carrier of dissolved oxygen and carbon dioxide, together with 
various adds and organic products derived firom the soil. The 
degree of activity depends on the composition and concentra- 
tion the solutions so formed, on the temperature, on the 
presence of bacteria, and on the substances taken into solution 
firinn the minerals decomposed. The chid changes that occur 
are solution, oxidation, hydration, and the formation of car- 
bcmates. (hdy a few common minerals resist decomposition, 
quartz and muscovite (induding seriate) bong the chid 
examfdes. Others, like the carbonate minerals, can be entirdy 
rmaoved in sohilion. IVfost silicatejninerals break doWn into 
insdulfle residues, aich as the various day minerals, with 
Ifoeratkm of sduUe substances wHch are removed in solution. 

t;httetfi:«e is scarcdy ili£fected b/ pure wattf , but when 
carbon dkqdde is dbo lament the CbOC^ of the limestoim 
is slowly dissdved and removed as cddum bicarbouat^ 
Ga(Q$K)t)s' hasdi iimestfme idatforms around Settle 
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[H.M. Geol. Survey 

(A) Chemical weathering of Great Scar Limestone (Carboniferous) with 
formation of dints, above Malham Cove, Yorkshire {cf, Plate 8b) 



[H.M. Geol. Survey 

(B) Spheroidal weathering of dolerite sill* North Queensferry, Fife 
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[H.M, Geol. Survey 

(A) Production of residual l)Ou]ders of dolerite by spheroidal weathering, 
North Queensferry, Fife 





[C. T, Trechmann 

(B) Residual boulders of granite on an exfoliated surface of granite, 
Matopo Hills, Southern Rhodesia 



DEOOMPOSmON OF FELSPARS 


and ln^<lx>rou^ have deeply grooved and furrowed sui&ces 
which clearly show the effects ^ solution. All the joints are 
widened into “ gtikes,” and the bare surface is free from soil, 
except where a little wind-blown dust has collected in the 
crevices (Plate 24a). When limestone contains impurities such 
as quartz and clay, these remain undissolved, and so accumu- 
late to form the mineral basis of a soil. The red earths, known 
as terra rossa, that cover the white limestones of the Karst, a 
plateau behind the Adriatic coast of Yugoslavia, are weathering 
residues rich in insoluble iron hydroxides derived by long 
accumulation from the minute traces of iron compotmds in the 
original limestone. 

Clay minerals are the chief residual products of the 
decomposition of felspars. Under the action of slightly 
carbonated waters the felspars break down in the following 
way : 

rAl3Sig05(0H}4 (a clay tnmird) 
6H,0+G02+2KAlSia0g i 4 Si 08 . 4 Hj |0 {sUicic 
Water Orthoclase (removed in soltdion) 

From plagioclase the products are similar, except that NatCOs 
is formed from albite and Ga(HGOs )2 from anorthite (in place 
of KjCO,) . Most of the clay is probably at first in the colloidal 
state, that is to say, it consists of minute particles dispersed 
through water, the particles being much larger tiian atoms 
but much smaller than any that can be seen with a microscope. 
The particles may coagulate into an amorphous clay mineral 
or crystallise into tiny scales or flakes. The alkalies easily pass 
into solution, but whereas soda tends to be carried away, to 
accumulate in the sea, potash is largdy retained in the soil. 
It is withdrawn from solution by colloidal day and humus, 
fix3m which in turn it is extracted by plant roots. When the 
plants die the potash is returned to the soil. Analyses of river 
waters show that very little ultirnatdy escapes fix>m the lands. 

As a result of certain obscure reactions, still not deared up 
in detail, colloidal forms (ff day break down still further : 

^/ALO,.nH.O 
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aH,0+Al,SI|0,(OH)4 
W0n CUff 
<im 



so^x WSATHBSINO AMS SOUS 
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In the humid ccntditiom the temperate z<me alumkiitna 
hydroxide is not liberated to any important extoit, but daring 
the dry season of tropical and monsoon lands it h predicted 
in a highly insoluble form, and so abcuntulates at or near die 
suriace as bauxite (see page 120). 

The decomposition o£ the ferronmgneidan minerals may be 
illustrated by referraK^e to the simplest type of pyroxene : 

Water + cwboadioadde + Cla(Mg,Fe)(SiO,), — ofCt 

\ M&andFe)( 

When A120, and Fe^Os are also present (as in bionte and all 
varieties of augite and hornblende) day and cUoritrc minerals 
and limonite remain as residual products. In the pWsence of 
oxygen limonite is also predpitated from solutions containing 
Fe(HG02)f For this reason weathered rock surfaces are 
commonly stained a rusty brown colour. Ordinary rust is, 
in fact, the corresponding product of the action of water and 
air on iron and sted. 

Chemical weathering contributes to the disintegration of 
rocks (a) by the general weakening of the adhesion between 
mmer£^, so that the rock more readily succumbs to the attack 
of the physical agents ; (6) by the formation of solutions which 
are washed out by the rain, so that the rock becomes porous 
and ready to crumble {e.g. the liberation of the grains of a 
sandstone by solution of the cement) ; and (c) by the formation 
of alteration products with a greater volume than the origmal 
fresh material, so that (as in exfoliation) the outer shell swells 
ami pulls away from the fresh rock witl^. 

The separation of shdls of decayed rock is distinguished as 
s^imidal waitiuri^g (Plate 24s). It is best devdoped in wdQ- 
jointed rocks whidi, like many basalts and dolerites, are 
readily decomposed. Watw penetrates tine intersecting joints 
and thuslutacks each sqsarate Uoek firmn all sides at once. As 
tiie depth decay is greater at comets and edges than atong 
flat vpa&xx^ it follows that the surfooes of rupture become 
rmnidled in such piositioas. As eadb riiefl breaks loose, a new 
suzfoce is present^ to die weathdv^ sohitkms, and the process 
is ja^Mpted again and again, ahled in die appn^ate regions 



WBATHBSINO KESmtHU 


\ff j&Qrt. Eadb succodve wrapinng arcniiid fiedi ooKie 
becomes more nearly spherddsd thw the one befinre, tmt3 
ultimately the an|;ular blodc is tran^rmed into an (xd(m>likii; 
structure of concentric shells oi rusty and thorou^y rotted 
rendual material^ with perhaps a round and coherent core of 
0Tsher rock still Idt in ^e middle. Sudi cores may stand out 
lUce boulders when their soft outer wrappings have been 
washed away by the rain (Plate 26). 

WEATHEtUNQ RESIDUES 

In dry climatic regions, on steep rock-slopes, and over 
massive crystalline rocks, the coating of chemically weathered 
material may not become more than a thin jEilm. But where 
rain- and soil-water can soak deeply into the rocks, weathering 
may proceed to a considerable depth. In the Malay States, 
where the rainfall is heavy and evenly distribut«l, granite has 
been converted into soft fiiable earth to depths of as much as 
fifty feet. In tropical regions v^ch have a heavy rainfall 
during the wet season, succeeded by a dry season, when the 
temperature is high and evaporation rapid, the weathering 
residues may be very different. Soil-water is removed by 
plants, and water firom below is drawn up to make good the 
loss so long as the supply holds out. The weak solutions 
produced by leaching of the rocks during the wet season 
thus become concentrated by evaporatiim, and the dissolved 
materials are dqiosited, the least soluble being the first to be 
{uedpitated. The products indude hydroxides of aluminium 
and iron, alica, and various carbonates and sulphates. Most 

these are re-dissolved by the rains cX the next wet seasmi, 
but as the hydroxides of aluminium and iron are left in a highly 
insoluUe state, they remain at or near the sur&ce, and gr^u- 
ally accumulate m a reddish brown deposit to which the mune 
Udoik ha» been ^ven (L. UOer, a 1»ick). In depth the material 
is vaneg^Bted ai^ paler in colour, and it is hum th^ ahanina 
teneb to be ipecudly ccmcentrated* At greater deptibs the bed- 
rods may be iatmsely decomposed, with almii^ant devddpi^ 
ment d! mii^als. 
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ROOK ynupORlHO AND KHU 

Shedte (£laterite raidy become thick— 30 feet eKceptiional 
>-4becaii8e, being impendous, their very fiamation pits an end 
to the drs^ge which is e^ential to thdr continued growth. 
For this reason, too, the overlying sdl becomes infeiide, and 
dien, no longer held together by roots, it is easily scoured away 
by torrential rains, living large ste^e eaposures c£ latoite. 
In certain regions, as in parts of India, laterite is found to be 
quite s(dt below its hard and slag>like crust. The soft laterite 
can be readily cut into bricks which set hard on exposure to 
the sun. This easily worked and valuable buildink material 
was called laterite not because it membles brick, but because 
bricks are made from it. I 

Qpartz, and clay minerals that have not sui|ered the 
ultimate loss of silica, remain cemented in the deposit Ip vmious 
proportions. There is every possible gradation 'between 
quartz (the chief mineral of sand), day (mainly composed of 
day minerals), and laterite, as indicate by the following 
schone : 


LATERITE 



Of the laterites themselves, two important varieties are 
disth^ished ; those rich in iron those tidi in aluminium. 
The latter, when of high grad^ constfrute bauxite the only 
(He of aluminium from which h: is pm^k»lde to octmct the 
iBxtsil on a odaomandtd scsde. 
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Tsb Mamtu!; of Rock-Waste 

Hw superficial deposits which lie oa the dder and nune 
cdieFcnt h^rocks form a mantle of rock-waste of very varied 
duuracter. In many |daces the mande lies directly on the 
bedrock firom which it was formed by weathering. In tins case 
quarry sections and cuttings ot' all kinds generally show a 
sur&ce layer of seU, passing gradually downwards through a 
zone of s^ttered and partly decomposed rock, known as the 
subsoil, to the parental bedrock, still rdativdy firesh and un- 
broken by weathering agents. In the soil vegetable mould 
and humus occur to a varying extent, and under appropriate 
conditions they accumulate to form thick beds of peat which 
must also be regarded as part of the mantle. Soils devdop, 
however, not only on bedrock, but also on a great variety of 
loose deposits transported into their present positions by 
gravity, wind, running water, or moving ice. Although these 
deposits will not be considered in dets^ till later, it is con- 
venient to summarise them here, according to their mode dT 
origin, together with the untransported or sedentary deposits of 
the mantle. 


THE MANTLE OF ROCK-WASTE 
(Continental deposits) 


Mode qf Origin 
Sedentary 


Essentially inorganic 

Resuktal 

Inorganic and organic 

SoUs 

Essentially organic 

Cumulose 

TRAraPORTED 

By Gravity 
„ Wind 
,, Ice 

„ Mdt-water from ioe 
,, Rivers {deposited in 
lakes) 

„ Rivets 

CoOuokd 

dEiian 

Glaad 

C^achflmal 

Lacnmne 

fbwiatie 


Characteristk Deposits 

Gravels, sands, and clays. Terra rossa^ 
lateridc earths and laterite 
Includmg soils on bedrock and on mantle 
deposits 

Vegetation residues : swamp deposits and 
peat 


Screes and landslip deposits 
Sand dunes, sand wastes, and loess ^ 
Boulder day, moraines, and drumlins 
Outwioh &ns, kames, and eskers 
Aliisvium and saline deposits 

ABuviutn, passing seawards fay wav of 
Estmm or Dime d^podts imo Mmm 
depodti 
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Tbs Growth and Nature ob Sour 

As Grenville Cole has findy said : ** The so3, conddered 
as a rock, linls canmon stones with the atmcffiphere, jand the 
dead dust of the earth widi the continuity dTlife.” The purdy 
mineral matter of the residual or transported d^sits is first 
colonised by bacteria, lichens, or mosses. By the partial decay 
of the dead organisms mould and htunus (see p. 116) begin to 
accumulate ; lodgment is afforded for ferns arid grasses ; 
berries and winged seeds are brot^ht by birds and the wind ; 
and finally shrubs and trees may gain a footing, 'me rootlets 
work down, burrowing animals bring up inorganiq particles, 
and the growing mass becomes porous and sponge-li%, so that 
it can retain water and permit the passage of air. ]^rost and 
rain play their parts, and ultimately a mature soil, a complex 
mixture of mineral and organic products, is formed. But 
thou^ the soil is a result of decay, it is also the medium of 
growth. It teems with life, and as the source of supply of 
neatly all food it is for mankind the most vtduable and least 
dispensable of all his natural assets. 

Soil may be defined as the surface layer of the mantle of 
rock-waste in which the physical and chemical processes of 
weathering co-operate in intimate association with biolc^cal 
processes. All of these processes depend on climate, and in 
accordance with this fact it is found that the resullir^ soils 
also depend on the climate in which they develop. Other 
foctors are also involved ; particularly the nature c£ the bed- 
rock or other dqxmt on wMch the soil is generated, the relief 
of the land, the age of the soil (that is, the length of time during 
which soil development has b^ in progress), and the super- 
imposed effects cultivati<m. 

The influence of the parental material is easily understood. 
Sand makes too l^t a soil for plsmts, as it is too porous 
to h(dd up water. Clay, on the <Mher hand, is by itsdf too 
impovious. A mixture dT sand and day makes a loam, which 
avoids thesd extroam smd provides the baas c^ an eccdlent 
soU. A day soil maef dso be l^htoied by add^ liines^^ 



GUMAno SUL TYnn 

Slid the :wtural mixture, kno^wn as mar/, is also a &YoiirabIe 
baab. I4mestone almi^ as we have se< 9 i, canimt main* a sc^ 
ludess it Gontaiiis impurities. In most climates granite de- 
cmuposes slowly and yields up its store of plant foods very 
gradually. Basaltic rocks, on the other hand, break down 
much more quickly. Lavas provide highly productive soils 
which, even (m the flanks of active volcanoes, such as Etna, 
compensate the agriculturist and vine-grower for the recurrent 
risk of danger and possible destruction. 

TheM difierences are most marked in young soils and in 
temperate regions. As the soil becomes older, and especially 
when the climate is of a more extreme type, the influence rf 
long continued weathering and oi^nic growth and decay 
makes itsrif felt more and more. Certain ingrediente are 
steadily leached out, while others are concentrated. Humus 
accumulation depend on the excess of growth over decay, and 
this in turn depends on climatic factors. The composition of 
the evolving soil thus gradually approaches a certain char- 
acteristic type which is different for each climatic region. The 
black soil of the Russian steppes, for example, is equally well 
developed from such different parent rocks as granite, basalt, 
loess, and boulder day. Conversdy, a single rock type, like 
granite, gives grey soils in temperate regions (podsoi), black 
soils in the steppes (ckemosm), and reddish soils in tropical 
regions seasonal rainfall (lateritic. earths). The colours of 
soils are almost wholly due to the rdative abundance (or 
paudty) of various iron compounds and humus. 

Deeply cultivated soils xnay be more or less uniform 
throughout, but this is not the case in purdy natural soils. A 
vertical cutting through an old natural soil reveals a character- 
istic layered arrangemoit which is called the soil profile. The 
latter is dearly devdoped in-lhe grey soils of the more or lera 
forested north-tonperate bdt of Canada, Northern Eurt^, 
and Asia. As the dramage is dominantly descending, ircm 
hydroxidfes, and humus derived from tlm surfoce layer 
vt^^bfopould, are carriol down in colloidal sdutum. Thus 
a bleac^d aoim is devdoped, and for ffus reastm the sdl type 
is nailed (Ruaftian, suhy ao&). |ly tlm accumulaffoii 
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PODSOL AND GHERNOaeM 

ol'the ferro-humus material at a depth df a few inches or a fi>ot^ 
accompanied by partides of silt and clay washed down 
mechai^ially, a deep brown or nearly black layer of vaiialde 
thickness is formed. This may develop into a haid^ wdQ 
cemented band, impervious to drainage, which is known as 
hard pan. One of the objects of plou ghin g is to prevent the 
growth of hard pan. Otherwise, water-lo^ed conditions may 
set in, and there will then be a marked tendency for peat to 
accumulate. 

Farther south in the grasslands of the steppes and prairies, 
summer drought and winter frosts favour the accumulation of 
humus, largely provided by the grass roots which die each 
year. During the dry season ground-water is drawn towards 
the surface, and GaGOs is precipitated, often in irregular 
nodules, at a depth of two or three feet. Under the influence 
of the ascending calcareous solutions the humus becomes black 
and insoluble. Iron hydroxides are therefore not leached out 
as in the podsol. The upper layer of the soil profile is black, 
becoming brown in depth where the humus content is less. 
For this reason the soil type is called chemosem (Russian, black 
earth). The black cotton soils of India and the black 
bottoms ” of the Mississippi flood plains are of similar origin. 


SUGGESTIONS FOR FURTHER REDING 

G. W. Robinson 

Soib, their Origin, Constitution, and Classification. Allen and Unwin 
(Murby), London, 1936, 

E. Ramann (translated by C. L. Whittles) 

The Ewdatian and Qasaficatim of SoUs. Heffer and Sons, Cambridge, 
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Fextors ^Soil Formation. McGraw-Hill, New Ytnk, 1941. 
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Chapter IX 

UNDERGROUND WATERS 

ScKHtCES OF GrOOND>WATER 

There is abundant evidence for the edstence cf important 
underground supplies of water. At least from th<| time of the 
Babylonians there was a widespread and firmlylhdd bdief 
that not only springs and wells, but also rivers, wWe fed and 
maintained by water from vast subterranean reser^oira. The 
underground streams of limestone caverns supported this 
belid, and so did the spiuting up of “ the founts^ of the 
deep ” through fissures riven in s^uvial flats by earthquakes. 
Moreover, in arid countries like Mesopotamia and Egypt it 
was far from obvious that rivers could be maintained by rain- 
fall. The author of Ecclesiastes remarked that although “ the 
rivers run into the sea, yet the sea is not full,” and inferred that 
the balance was restor^ by a return circulation, underground 
fiom the sea floor, back to the sources of the rivers. How the 
sea water rose to such high levels was not explained, mid how 
it lost its salt before emerging as springs of freshwater remmed 
an unsolved problem. It was only late in the seventeenth 
caatury that it first came to be re^zed, notably by Halley, 
that the circulation fixim sea to rivers was not undeipxiund, 
but throu^ the atmosphere by way of evaporation and rain- 
fall. Aristotle’s erron^us conviction that the rainfidl was 
quite inadequate to supply the flow of rivers was not dispelled 
until accurate measurements took the place d mere q[^on. 
In 1674 Herre Perrault completed the first quanritathre 
investigation of the relation between rainfall and stream 
flow. He found that in dlie upper valley d the Seine the 
||ainfiiB Ws actually sevmd tim8 greater than die stream 
and so denuHEHrated fiv die first time a rdai ti o n s l % diat 
inhWtdcfimatesscerosim^tobealmQetaiiiatterrfcwttBKm 



CmiCON AND OOCUlUtBNCaE OSf OftODND'WATEIt 


Hms following Bcherae foows the various ways in whkh 
rainwater is distributed (see also 1%. 7, page 22) : 

l^zect flow down suiflu^e idopa ' 

^Super^al flow through «oil aadf Flow 

I sub-fidi to streams J 

Downward inflltratkm into bedrocks'^ 
pERCXTLATiON to replenish the ground-water and ]> Ground- water 

maintain its circulation j 

I Absorption by sdl and vegetation^') 
subsequently evaporated > Evaporation 

Dirbct Evaporation J 

(During weathering a relatively trifling amoimt of water is fixed 
by hydration in clay minerals and other weathering products.) 

Ground-water supplied by rain or snow or by infiltration 
fix>m rivers and lakes is described as meteoric. Fresh or salt 
water entrapped in sediments during their deposition is dis- 
tinguished as connate. During burial and compaction of the 
sediments, much of this fossil water is expelled, and during 
metamorphism most of it is driven out, carrying with it dis- 
solved material which helps to cement the sediments at higher 
levels. Steam and hot mineral-laden water liberated during 
igneous activity, and believed to reach the surface for the first 
time, is known as juvenile water. 

The Storage and Circulation of Ground-water 

V ' Below a certain level, never far down in humid regfons, all 
porous and fissured rocks are completely saturated with water. 
The upper surface of this -ground-water is called the water table. 
The water table is arched up imder hills, roi:^hly follovdng the 
relief of the ground, but with a more subdued surface. In 
general, three successive zones may conveniently be rect^poised 
(Fig. 64) : 

(a) "ne zpne of non-saturation, -\vhich is never completely 
but, thr oi^h which the wate^ percolates on its way to 
the uncUdying acmes. A certain amount oi water is retained 
by foe sefil, whkh yidds it up to plant roots. 

{b) Tie &ne ^ intermUUnt st^aHoa, whkh extends bam 
th^ -highest level reached by ground-water after a period of 

lay 



unherorouio) watsks 


^Permanent' 
N^ell p 


River ® 


Fio. 54 

To illustrate the rdatioii of the watca: table to the sur&oe and its vamti<Mi of 
level iram the top to the bottom of the zone of intermittent saturation after 
prolonged periods of wet and dry weadier respectively 


prolonged wet weather, down to the lowest levd tb which the 
water table recedes after drought. I 

(e) The zone of permanent satmaHon, which extmds down- 
ward to the limit beneath which ground-water ^ not oa- 
countered. The depths in mines and borings at which the 
rodcs are found to be dry vary very considerably acrarding to 
the local structures, but a limit of the order 2,000 to 3,000 feet 
is not uncommon. Juvenile and expeUed connate water may, 
of course, ascend firom much greater depths. 

Wherever the zone of permanent saturation rises above 
ground level, seepages, swamps, lakes, or rivers occur. When 
the zone of intermittent saturation temporarily reaches the 
surface, floods develop and intermittent springs appear. 
Conversely, many springs and swamps, and even the rivers 
of some regions, go more or less dry after long periods of dry 
weather when the water table falls below its usual leveL 
Rocks through which wator can pass fireely are s^ to be 
pervious. They may be porous and permeable, like sand and 
sandstone ; or they may be practically non-porous and 
impermeable, like granite, but nevertheless pervious because 
of the {H'esence intercoimected open joints and fissures 
through which water can readily fk>w. Impervious rodks are 
those throu^ which water caimot easily soak ; they may be 
of two kinds : pmous, like clay, or rdatively mm-pmous, like 
masave unfissured granite.; It sho^d be noticed that althou|^ 
posronty is essential in order that a formation can be nmifily 
' penmeable by water, it is ndt a suffident ccmditiofflu The aze 
and arrasq^ent of the 4q>aii:^ hunt also.be such diat 
oos^nuous throui^-channels for the fine pasnge of watdr 
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tffb available. In days there are no continuous passage-ways 
unde oiough to permit the flow of water, except slow 
capillary pre(^. 

Ordinary sand or grayd has a porosity of about 86 par cent 
(t.s. the material in bulk is made up of 36 per c^t. df vends 
and 66 per cent, of “ solids ”), but this drops to about 16 p^ 
cent, in common sandstones, according to the degree of com- 
paction and the amoimt of cementing material. Clay, al- 
though it is impervious, may have a porosity of over 46 per 
cent By compaction under pressure and the squeedng out 
of water the porosity drops gradually, falling to as little as 
6 per cent, in some shales, and to 3 per cent, in slates. In 
limestones the porosity ranges from 30 per cent in friable chalk 
to 6 or less in indurated and recrystallised varieties. Lime- 
stone, however, may carry a great deal of water in joints and 
other channels (including caves) opened out by solution. The 
porosity of massive igneous and metamorphic rocks is generally 
less than 1 per cent., but here again water may circulate in 
appreciable quantities through the passage-ways afforded by 
interconnected joints mid fissures. 

Alternations of pervious and impervious strata, especially 
when folded, faulted, and jointed, form underground reservoirs 
and natural waterworks o£ great variety. Where the catchment 
area is sufficiently high the water slowly migrates through the 
most pervious formations towards places at a lower levd where 
the water can escape to the surface. It may emerge dirough 
natural (^lenings (seepages and springs) or through artificial 
openings (wells), or it may feed directly into rivers or lakes or 
even disdbarge through the sea floor. The sustained flow of 
rivers wbJeh, like the Nile, successfully cross wide str^ches of 
desert is to some octent due to supplies received from under- 
ground sources. 


SpSINOS AMD WXLLS 

When rainwater sinks into a pervious bed, such , as sand- 
stone, it soaks down until it reaches an underlying impervkms 
bed, much as day enr shale. If the sui&ce of the junedon is 
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iadinedf l3ie water flows down die water-tight slope, to 
where the junetum is intercepted by a diif or valley 
(f^. 56a). A i^meral oozing out cf the water along die ImO 
^ interception is called a seepage. More commonly a line cl 
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To iQuatiate vaiious conditiona ghdng rise U> springs (see text) 


localised springs appears. The other diagrams of 55 
illmtrate various examples of ot^ structures ^vouring the 
devetcpmsait df springs. In (6) a fliult brings pervious sand- 
stone s^nst sh^ which, b^g imporvious, holds tp the 
wa^. Springs are localised along the line of the fault, and the 
bwi^pou^ an the hdt is marshy. In {«) wsuer die jmnts 
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Ml a maM^ rode, such as granhe, and issues in apij^xq>riate 
^boes. In (d) wato impounded by a dyke escapes along the 
outen^'of the junction. In (s) the upper spring’is thrown out 
by a conformable bed of shale, as in (a) ; dm kiwer spring 
appears at the outcrop of an unconformity, the- und^l^nng 
folded rocks bding impervious. In (f) water enters jointed 
limestone, widens the joints by solutiem, forming caves and 
imderground channels down to the impervious base of the 
formation. The latter holds up the water and allows it to 
drsun out, sometimes as an actual stream, where a valley has 



be<m excavated through the limestone into the underlying 
rocks. 

Wdls are simply holes dug or bored or drilled into the 
ground to a depth at which water-bearing permeable formations 
or fissured rocks are encountered. Shdlow wdls, as shown in 
Fig. €4, may dry up at certain seasons, unless they tsep the zone 
of permanent saturation. Ground-water peredates into the 
b(Mt(Hn of the wdl, and rises to a levd that rfopends on the 
head o£ pleasure behind it. Pum|nng or lifting may be neces- 
sary to bih^ the wator to the surface. In sdectii^ sites fcM 
shdkfw iveib special ]»ecaution is necessary to predude 
contamination 1^ germ-laden water which nu^^t drsun into 
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the source suj^y frcun &rmyard$ wd 
cesi^ools. The grousd-wato* more 
deep-seated formaMons is preferable fm: 
human consumption, as it is more likdy 
to be fire from the dangers of sui&ce 
.. contamination. 

Artesian wells are those in whkh' the 
water encounter^ in depth is undo: a 
8 sufficient hydraulic pressure to force it 
1 to overflow at the surface. The neces- 
S sary conditions are : {a) anl inclined or 
I broadly synclinal water-beanng forma- 
s' tion, or aquifer, endo^ on bod^ ddes by 
g watertight beds ; (h) exposure ipf the rim 
I of the aquifer over a catchment or intake 
area at a suffident hdght to provide a 
M hydraulic head at a levd above die 
s’ ground where the wells are sunk ; (e) a 
^ suffident rainfall to fomish an adequate 
^ supply of water ; and (d) absence of a 
I ready means of escape of the water except 
g throu^ the wdls. The tom artesian is 
'S sometimes extended to indude deep wells 
in which the water approaches the surface 
f but does not actually reach it. 
i The London Basin (Fig. 67) exem- 
I plifies these conditions very dearly. The 
g aquifer is the Chalk, with sandy beds 
'fl atove and, locally, bdow. The endos- 
" ing impervious formations are the Lon- 
, don day above and the Gault day 
bdow. Water falling on the Chalk, 
where it is exposed along the Chiltems 
to the north^and the Nmlh Downs to the 
south, nnks into the basin and accumu- 
lates there— OT did so undl the original 
resources became impovenshed by the 
insatialde thkst of lUmdco, The water 
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PLATE 26 




[W. 7\ Lee, V.S, GeoL Survey 

(A) Totem Poles ” in the Big Room, Carlsbad Cavern, New Mexico 



[E.N,A. 

(B) The King’s Chamber, Carlsbad Cavern, New Mexico 


STALACTITES AND STALAGMITES 
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hi the Chalk is tapped in the London area by hundreds of 
wells sunk to deptbs up to 600 or 700 feet. Up to a century 
the Chalk was saturated, and when the fountains in 
Trafalgar Square were first constructed the water gushed out 
wdl above the surface. In more recent years the enormous 
supplies which have been drawn from ^e Chalk reservoir 
have exceeded replenishment by rainfall on the rims of the 
basin. The level of the water in the Chalk has therefore 
fallen, and water can now be raised to the surface <mly by 
pumping. 

In North and South Dakota an important aquifer dips off 
the edge of the Black Hills, and carries a copious supply 
water beneath the plains to the cast. Over an area of 15,000 
square miles the water can be tapped by artesian wells. The 
largest artesian basin in the world is that of Queensland and 
adjoining parts of New South Wales and South Australia. 
The catchment area is in the Eastern Highlands where a wide* 
spread series of soft Jurassic sandstones come to the surface. 
These ^dstones, with their accumulated stores of water, 
underlie an area of about 600,000 square miles. Without the 
artesian wells, some oi which are 4,000 to 5,000 feet deep, much 
of this vast region would be a barren waste. In this area it 
is suspected that only part of the water is meteoric. In some 
of the wells the enormous pressure of the water, the abundance 
of gases, and the composition of the dissolved constituents all 
suggest that juvenile sources may also contribute in depth, 
the pressure bdng partly due to gases and partly to the weight 
of overlying rocks. 

Many of the oases of the Sahara and other deserts owe their 
existence to the local emergence of artesian water at the 
surface. Fertilised by the escaping underground wator, 
v^etatiim flourishes amazingly and makes ** a paradkie in a 
setting of hlaging sand and glaring rocks.” Between the Chad 
ba»n and the Sahara the highlands of Erdi and &raiedi ocm^ 
sdtute an unportant catchment area. There die occadonid 
rains are readily absorbed by bare sandstmies which cdntintie 
underground fer across Libya and Egypt. Many a bnvell«t‘ 
has died of diirst in the heart ^ die desert with water, only n . 
(m JO 
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Ideafised section across tbe Sahara to iliusttate conditkms fitvourahle to the 

development of oases 

few htmdred feet beneath him. Where this usuallylinaccessible 
water emei^ through fissures or artesian wells, or is brought 
to the surface by anticlines, or where the desertmoor itself 
has been excavated by the wind down to the wel of the 
ground'water, oases occur (Fig. 58). South of Aswai!^, the Nile 
taf» part c£ this artesian water where its channd cuts into an 
aquifer locally brought up by an anticline. 


Swallow Holes and Limestone Caverns 

The solution of limestone by rainwater chained with 
carbon dioxide has already been described (page 116). In 
limatone districts water readily works its way down through 
joints and along bedding planes until it reaches an impervious 
layer, which may be within the limestone formation or beneath 
it. llie water then follows the natural drainage directions 
until it finds an exit, perhaps many miles away fiom the 
intake. Once a through drainage is established, but not 
until thm, dissolved nuUerial is carried away and firesh 
sujqilies coming in from above continue the work of sdu- 
tioo, localised akmg joinri and bedding planes, until a laby- 
rinth intodadng diaimds and caves is dissolved out of the 
liniBStCHie (1%. 51^. 

Theeuiiace cqienii^ bec(Hne;graduafiy mlaiged in jdaces 
where ^ contours oi tbe groimd fovoor a special ccaicen- 
tptlcRi the flow-ofi^ aiul funnelTshaped hdes, known as 
miilmh^€^si»kk6Us3a^6x!vt^ofped. By cimtinued solntii^ 
beneath th^ and the foiling in loosmed jcmt Uocits» the 
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lK)les may be enlaiKed into roug^y cySn^rical ii&a£b.OT 
commwucating with great vaulted chambms, |>a}u^ hundre<jb 
of feet below (Hate 26a). One of the most hn^nessiye of diese 
giant swallow ht^ in Britain is Gapi^ (Hate 26b), on 
the south-east slopes of Ingleborough. dwft goes down 
for 365 feet into a chamb^ 480 feet long and 110 feet 
The water escapes throu§^ an intricate system c^pasStges into 
Ingleborough ^ve, whence it emeiges as the CSapham Beck. 
In the Allege (Fttmch Pyrenees) two great chasms connected 
by a long grotto, with a permanent stream from tai^ to bottom, 
have been explored down to a depth o[ 1666 and several 
even deeper examples occur in Italy. The ** cavernous lime- 
stone ” plateau of Kentucky has over 60,000 sink ^oles and 
hundreds of caves, including the great Mammoth Gave, which 
itself has over 30 miles of continuous passages. Another 
famous American cave, the Carlsbad Cavern of New Mexico, 
has a ** Big Room ” nearly 4,000 feet long, with walls over 
600 feet apart, and a ceiling rising to a h^ht cdT 300 feet 
(Plate 27a). 

Occasionally the roof of a cave collapses and leaves another 
kind of “ sink ” at the surface. When the rotrf of a long 
undergroimd channel falls in, a deep ravine, floored with 
limestone debris, further diversifies the irregular limestone 
topography (Fig. 59). Sometimes one part of the nxrf' 
holds film, thus forming a natural arch or bridge (Fig. 60). 
Limesttme regions such as those referred to above, having 
a roug^y etched surface, pitted with depressions due to 
solution or roof collapse, and with underground drainage m 
place cd* surface streams, are said to have a karst topography, 
fix>m the prevalence of these features in the Karst Plateau 
north-east of the Adriatic coast between Trieste and Gattaro 
(see Fig. 166). 

In addition to the streams which flow through the undo*- 
ground networic of panage-ways, there is generally a slow 
seqit^ of lime-chaxged. water fiW innumerable jdntt and; 
crevices in the roofr and walls of caves. Galdtnm carbonate 
^'^aiuted when a hanging drop of such water be^^ to 
evaporate or to Jose part ifr carbon dioxide. Whoi die 
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[A, Horner & Sons, Settle 


Flo. 59 

Trow GhyU, on the slopes of Ingleborough^ Yorkshire. A dry valley due to 
cdlapse of the roof of a fonner Hmestone cavern 

<]iop EUls on the dry floor a deserted channel, the re maining 
caldnm carbonate is deposited. Thus, long icide-like pen- 
dants, called sttUacHUs, grow downwards from the roof; and 
tludji^ cdumns, distingui^ed st^agmiteSt grow upward 
frtnn lh&Jo(M: (Hate 27). In time stalactites and stalagmites 
unite into {nllars, and these are <^Dunonly clustered togeflier 
in flnrns resonbling mgan pipes and other fantastic ^pes 
tto ave oflen given &nd^ namou 'Wbme the water trkkles 
jMie mr dmtinubtidy i^ao^ a tod Idol;, a fluted 
ciiiw or wavy soeen niay gftnv across Whmflie 

watCT cbBws thnwgh a bedding |flane h bn^ tip encnuttalioia 
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A NATURAL BRIDGE 



[Am. Mus. Nat. History, N.Y. 
Fio. 60 


Natural Bridge, Viiginia. Part of the roof of a 
fom^ lime8t<»3e cavern 

fixkm MraU to £kx>r which look like frescoes or “ frozen cascades.’* 
The internal decoration of caverns in which these varied 
structures have grown in profusion produces an underground 
scenery of weird and fasdnating beauty. 


Hot Spmnos and Geysers 

Grouhd-wator diat has circulated to great deaths in dieqply 
frdded rocks becomes h^ted, and if a sufficiently rajnd s»cein: 
to the suifrfcce should be locally possil^ it will cauxgit as a 
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warm spriii^^ Sot^L^eoiklil^ms arc rare, bowevc^y ami really 
hot i^[»ings generadly occur in regpom of active w geologically 
recent vulcanann, where tibey owe their hi^ tesoperature to 
supeiheated steant .and asscdated emanations which rise from 
subtenranean soun^ and mingle with dw meteoric arcu- 
lation at h^er hwds. It is {wobabk tluU. some hot 
springs may be a mhcture df meteoric water witib hot wata 
expelled from underiying rocks that are undeigemg meta> 
morphism. \ 

There am thrm volcanic regions where hot sfiWgs and 
geysers occur on an imposing scale : Iceland, Y^oa^tone 
Paric, and the Nordi Island of New Zealand. The waters are 
highly changed with mineral matter of considerable' variety. 
The Mamnwtth Hot Springs of Ydlowstone Park are rich in 
caldtun carbonate druived fiom nei^bouring limestones. 
This is deposited at the surihce as mounds and terraces of 
traoer^ne (Plate 28a). In all three regions many cdT the springs 
are alkaline and carry silica in solutirm, which is similarly 
deposited as nlicecm dnter or g^serite (Hate 28E). Ak to the 
water itself, investigations show that about 80 to 00 per cent, is 
ordinary meteoric ground-water. In Iceland, fer example, 
much of it comes from mdting snow. However, th^ minor 
constituents carrmd in solution include many unusual elements, 
a peculiarity which points to a juvenile source and su^;ests 
that they must have been swept into the local meteoric water 
by associated juvenile water or steam. The existence of such 
steam, however, is not merely a matter d inference. Actual 
borings throi^h the ibycdite lavas of YdQowstone Park en- 
coinit«red vast quantities high-pressure superlmated steam. 
In oae case die temperature at a depth of 245 feet was found 
to be 205°G. Mcueover, where steam remains uncondensed 
by admisture with cold ground-water, steam fiimartdes dis- 
charge at the sui&ce. 

are hot ^uings fiom whkh a ccdmun of hot water 
ai^ maan |l es|dosively dischaiged' at iatervahi, spouds^ in 
stmte cases' fo heights of hundreds of feet (Hate 29). The term 
«w»«* femh Gtjfdr, die fodandic oaine for die Gieat Ceyser, 
udadh u die most ^pectacahur satmfoer a gtoiqr aitaatad ia 
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(B) White Terraces of Rotomahama, New Zealand. Destroyed 
catastrophic eruption of Tarawera in 1886 
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PLATE 29 



[G. A» Grant, U.S, Geol, Survey 

Geyser in eruption. Old Faithful, Yellowstone National Park 


1SE GREAT GEYOBR 09 fCaXAMD 

a tvoad vaBey nc»lli<west of Hedda (Fif. 61). It wiB serve 
as a typical example. A mound df geyterite, ikdit iq) fay 
deposition from tlxe ovexfbwing water, surrounds a circular 
ba»n, about 69 feet across and 4 feet deep, filled to tlm brim 
with siliceous water at a temperature cf 76° to 90° G. Frcun 


Geysir 



¥m. 61 

Schauatic MCtiaa Uurough Geytir (the Great Geyier of Icehmd) to iUuatntc U>e 
conditionf qqiiopriate to intermittent eruptkm ; dunvh^ tubterranean leservtm 
ied by groD^<waters heated from below by tl» ascent of n^)erfaeated steam 
{4fter T. P. W. Barth) 

the middle of the basin a pipe, also lined with geyserife, goes 
ck>wn about 100 fbet. At fire bottom the temperature of the 
water is wdl above that ^ which the water would bml if it 
were ncA frur the fmessure cbre to the w^^t (£ the water cduma 
above fr. ^iit ^ eonfintied accesthm dT supocheated steam 
fitroug^ Gtedcs in the p^ graduaSy raises fiie tenniieratute 
uifiS evetetcufily ^ bdli^poiat is reached &r down in file 
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]»pe. A ccartaia anoeount oi water tlien suddenly expands into 
steam which heaves die etdumn and causes an ovorflow 
from the basin. This so relieves the i«essuTe<m the supeiheated 
water in depth that it violently flashes into a vast volume of 
steam which sui^ up vatih irresistible force, hurling the 
water into the air, sometimes as much as 200 fed;. 

In some geysers the amount d water discharged is many . 
times greater than that c<mtained in the pipe and basin. In 
these cases the pipe mint therefore cmnmunicaix with a 
neighbouring underground chamber into whith continuous 
8up|dies of both meteoric water and juvenile steam haW access. 
The caves and tunnels which sometimes occur in lava flovra 
would provide the sort of reservoir required. During each 
period of quiescence the whole system— underground reservoir, 
commimicating channds, pipe, and basin — ^ra|ndly fiUs up 
and gradually rises in temperature, until the quiet phase ^ 
the cycle is terminated by the paroxysm of high-pressure boiling 
whkh brings about a roaring eruption of water and steam. 


Deposition from Ground-waters 

As indicated by the discussion on pages 113-18, the chief 
ingredients carried in solution by grouml-water are the bi- 
csd^Honates of calcium, magnesium and iron, and cdkndal 
silica. Examples of depoddon df calcium cartwnate as stalac- 
tite and stalagmite in limestone caverns, and as travertine 
firom the watos of hot sprues, and of silica as siliceous sinter or 
geyserite, sdso flrom the waters of hot s|aings, have already 
b(^ mentioned. These cases are easy to understand, as they 
are idearly due to evaporation. Ion of carbon dioxide, or cool- 
ing. The r^um dissolved malieriai to the rocks through 
ground-water is circulating involves the operation ci 
ranch more complex and tUdicatdly balanced jnocesses which 
are jdSl but Utile undostood. jBreciptai^ mii^ be Inpught 
abioiM by sttdi factins as kus of gases and oonteqiunt decrease 
of a^tveia power ; cording whfle watCTaiOjascer a S^ i (Ranges 
ofidesnuodiiiu^ ordmma^^&j^ofwateafrom 
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different sources. Moreover, as a result of reaction between 
scdutions and the materials through vdiich they pass, (me sub- 
stance may be precipitated and aaother taken into solution. 
Only brief notes on some of the chief results of deposition from 
gnnmd-water can be given here. 

Cmentatim of porous sediments occurs whoi deposition 
g^es place between the particles of the rock. Loose sands may 
thus become calcareous, siliceous, or ferruginous sandstones, 
according to the nature of the cement introduced between the 
grains. 

Replacement^ or substitution of one substance for another, is 
well exemplified by parts of certain limestone formations in 
which calcite has been replaced by dolomite or chalybite or 
silica. The change often takes place atom by atom, so that 
the original structures are perfectly retained. Gdcareous 
fossil shells may thus be transformed to any of the materials 
mentioned, as well as to others, less common, with complete 
preservation of the original form and of the most intricate 
structural details. Even organic matter can be replaced in 
this way. Water-logged tree trunks buried in sand, or stumps 
of trees overwhelmed by volcanic ash, may thus be petrified. 
Such fossil wood, with all the tissues perfectly reproduced in 
opaline silica or calcite, is notably abundant in Yellowstone 
Park, and in parts of Burma and ^eensland. 

J^oduks and concreHoas form in sediments by concentrated 
oonentation or replacerhent, where deposition is localised 
around a nucleus o£ some particular mineral grain or fossil 
which initiates the precipitation. Their composition is goier- 
ally widdy different from that of the formation as a whole. 
Flint, for example, is a concretionary form of silica occurring 
in the Chalk as scattered nodules of irregular drapes and also 
as tabular sheets and vortical striz^;ers (see Fig. ISl). Ground- 
water percolating tirrough the Chalk at some stage after its 
uplift from the sea floor {ticked up colloidal silica from minute 
and eadOly dissctived opaline S{x>nge spiodes di^powd tlupou^ 
the formtitikm. By reftiacemort of calcium carbcmate, wher- 
evor (x>n(fttions were favourable, the silica was then deposited 
as flint vdiicfa, bdng insolultie, was not agmn rediinstiveci 
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Sux^ar deposits c£ silica occurring in other fimestones are 
usually referred to as chert. Gsdcareous and ^rugiaons 
nodules, characteristkally ellipsc^ai ^xqies, common 
in some of the clays and shales of the Jurassic and Garbonifiaoiis 
systems in Britain. 

Small veins of cmnmon minerals, such as cakdte and quartz, 
may be formed from ground-waters in joints and faidt ^ures, 
or in gashes across the limbs of folds. In tightly foued rocks 
and in areas of regional metamorphism, irregular quartz veins 
are locally very abtmdant. Many ci these have been deposited 
in tension cld^ from siliceous water “ sweated , out r of the 
original rocks during orogenesis. Most mineral veinsy ^wever, 
and {Specially those containing commercially valuable ores, 
have hi^ deposited from hydrothermal solutions of juvenile 
origin, generally in association with the expiring igneous 
activity of the period concerned. 




Aerial view acro« the Hex River VaDey and Mountains. Cape Provincif S 
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[F. N. Ashcroft 

Valley widening by rapid weathering. Tobel Drun ravine, near Sedrun, 
Switzerland. Flat-surfaced deposits in front mark the site of a former lake 



Chapter X 


RIVER ACTION AND VALLEY DEVELOPMENT 

Some General Considerations 

The necesmy conditions for the initiation of a river are an 
adequate supply of water and a slope down which to flow. 
As we have ^eady seen, Perrault was the first to discover that 
an adequate supply is provided by the rainfall. From the 
result of his pioneer work in the valley of the upper Seine he 
justly concluded that rain and snow waters are sufficient to 
make Fountains and Rivers run perpetually.” Rivers are 
partly fed from ground-waters, and some have their source in 
the melt-waters fi:om glaciers, but in both cases the water is 
derived fixim the meteoric precipitation. In periods of drought 
rivals may be kept flowing, ffiough on a diminished scale, 
entirdy by supplies from springs and the zone of intermittent 
saturation. When thbe supplies also fail, through the lowering 
of the water table, as commonly happens in semi-arid regions, 
rivers dwindle away altogether. However, ev«a then water 
may still be found not far below the surface where the floors 
of such intomittent streams have a covering of alluvium. 

The inirial slq[>es down' which rivers first begin to flow arc 
provided by earth movements or, more locally, by volcanic 
accumulations. Many of the great rivers of the world, e.g. 
the Amazcm, Misri^]^, and Congo, flow through widespread 
downwarps of the cruet which endowed them vrith vast r^y- 
made draiaage basins fiom the start. The majority of rivers, 
howevor, oc^;inated on the sides of ufflifted rt^ns whoe, 
oftra in active competition with thdr ndghbours, they gradu- 
ally evolved their own drmnage areas. 

Most rivers dnun dkecdy into die aea. But in arcto of 
intetm al deainage pomaxMmt <xc intermittoit streams terminate 
in hikes m fwainffs having m area such that evaporathm Jort 
IwiaiiCes rikelndoWi rim conditions being anch that the water is 
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unable to accumulate to the level at which it could find an 
outlet Notable examples occur in Central Asia and Australia. 

The devdopment c^ a river valley dqsoids on the original 
surface slc^ ; on the climate, which determines the rain^ ; 
and on the underlying geological structure, which determines 
the varied resistance to erosion offered by the rocks en- 
countered. Where a newly emergent land provide an initial 
seaward slope, the rivers which flow down the slo| and the 
valleys which they excavate, are said to be coimq The 
valley sides constitute secondary dopes down which ributaries 
can develop ; these streams and their valleys ar^ dist aguished 
as subsequent. Later, c£ course, other generations of 1 ^butaries 
are added. A main river and all its tributaries constitute a 
river syston, and the whole area fi’om which the system 
derives water and rock-waste is its basin. Weathering con- 
tinuously supplies rock-waste, which falls or is washed by rain 
into the nearest stream. T^ latto: carries away the debris 
contributed to it, and at the same time acquires still more by 
eroding its own chaimel. Valleys develop by the rernoval of 
material, all of which is carried away by the streams which 
drain them. The load acquired by the main river is ultimately 
transported out of the basin altogether or dq}Osited in its 
lower reaches. Deposits are, of course, dropped on the way at 
innumerable places, but these are only temporary halts in the 
journey tow^ds the sea. Rivers are by far the diief agents 
cmicomed in the excavation of v^eys, not merdy because of 
their own erosive work, but above all becaiMe thi^ enormous 
powm of transportation. 

The excavation of valleys in turn involves the develojmient 
cS residual landfonm (Plate 30), such as peaks, hills, ridges, 
and isola^ pinnades of reristant rocks (Fig. 62). The original 
upfified area is rims gradually dissected into a varied and 
riotriy charing landscape. Socmer or later, as rock'^varie 
oonrinues to stream away fittan evmy.part of area ia tom, 
vaih^ axe wideoed and the intervenii^ ^fivides are reduced, 
untd the region may be worn down to a lowdybig surfitce of 
rdief iriiich is cafied a pem^etm (abnost a plain). The 
aeqwaice of dhauogei ]»»ed riumig^ ttomg 
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Fio. 62 

A Dartmoor tor at the summit of a rc^ual hill 5 carved from well-jointed 
granite by rain and wind. Bowerman’s Nose, Manaton, Devonshire 


evolution is called a cfcU of erosion. It is convenient to divide the 
cycle into three successive stages which, by analogy with a 
l^etime, are rderred to as youth, maturity, and old age. Each 
stag^ is characterised by distinctive types of landforms. In this 
chapter we ^all be mainly concern^ wirii the cyde of erosion 
in humid regions, where the work rf rain and rivers is in con- 
trol. In other climatic regions, such as deserts, where tlw work 
of the wind is chiefly in evidoice, and frigid r^[ions, where 
glaciers and ice-sheets are the supreme agents, the correspond- 
ing cydes of erosion invdve the devdopmmt <^landfbnns which 
are voy diflferent fimn each othtf and from those of hutnid 
regions. The cyde of river erosion docs not always rm its 
course without intC3m:q}tkms. Further uplift may talm jflace 
whSte a cycte is still unccunpleted, or die area may be gradated 
For both rnssons many of our British riym are dill in . their 
in&c^, ai^ the litodso^ assodattd them aix partfy 
inheritances from gladal and pre-^adal times. 
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Nevordieless, t}ie valleys the preatacit day, whedwr in 
ftitain or dsewheit^ provide representatives of all the sti^ 
in the cydes mioon inm in pre^e^. We axe thus enabled 
to study by direct pbsearva^n how they gradually devde^. 
We shall have to o^ider in ttun how the lands are .obd^ 
and tlK liven acqube their load edre^-waste; how die livers 
themselves erode their diannds and transport ahd dqposit 
their load ; how valleys are lengthmed, deep^ed, and 
widened ; how liver systems develop in plan ana compete 
with their neighbours in the struggle for ^ce ; howtemography 
varies acccnxiing to the sti^ reached in the cyde erosion ; 
and bow it is further varied by interruptions oi the normal 
cyde. 


RiUN Erosion 

Ihe chief mechanical effect of rain as it pelts down on the 
mantle of surface materials is to wash loose particles tp lower 
levds. Eventually the rain*wash is swept into rills and streams. 
During a suddm cloudburst a sheet of flowing water may be 
locally produced which undercuts and removes the turf on 
slojmig ground, sweepmg the underlying soil to the foot of the 
^pe, and leaving a loi^ gash in the hiMde. The gash is 
gradually deepened into a gully by recuirent rains, and as 
soon as ^ water table is tapped it begins to cany water and 
beccmies a rivulet. This is one of die ways in which tributaries 
originate. 

in semi-arid n^ons, where the occarional rains are oflai 
eiccqitionafly violent, rain-gashing reacltes spectacubr pro- 
portions in slopii^ ground underimn by day <»* sdt ei^y 
dqiorits. Such la^ is sculptured into an intricate pattern d 
gdbes aM small ravines, sqparated by sharp spun and 
buttresses. The g^es grow backwards into die adjenm^ 
azd the bxtervnui:^ ridgd in turn axe ifurther cut up 
inibi ssnadee smd tiencbes {flats’ SSa). TInds df die 
abadst io^^inssalfle country so devekped are grt^^iibally 
desd&ed ikbaSuiis in Nbrih Ammca, udure diey are bddefy 
sriidiined Alberta to Arizona {flate 3te). 
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The ciiilous" structureB known as mth-pUlars' devekip 
locaBy from spun on the slopes df valleys carved in btmlder 
day (Plate 83a). Wherever a boulder is encountded while 
the sur&ce is being worn down by rain erosion, it acts like an 
-umbrella over the underlyiim clay. Where the slope is sheltored 
from strong winds, earth-pillars of sm*prising hdght, each ;nir- 
mounted by a protective cap, may then be etched out by the 
rain. Some of the pillars of Botzen in the Tyrol reach a hdght 
of 69 feet, and smsBer examples occur in frivourable situations 
in Scotland and other regions where boulder day and easily 
eroded coim:lomerates (Plate 33b) are exposed to the weather. 


SoiL-CREEf> AND LANDSLIDES 

Between the extremes d* rain-wash on gentle slopes and 
rock-falls from predpices thoe are various kinds of mass 
movements of siuface materials downslope, which result from 
the action in different combinations of water, frost, oiganisms, 
and gravity. All these processes co-operate with weathering 
in widening valleys (Plate 31). 

Slow downward movement of soil on hillsides, known as 
soU-cr«f, is evidenced by tilted fences, bulging walls, and the 
outward curving of tree trunks near the ground. Interstitial 
rain-washing, tc^;ether with various less obvious processes, all co- 
operate. Ice crystals heave up stones and partides of all sizes 
durmg fixMt. The outward heave and the subsequent drop 
when thaw sets in are both in a downhill directitm. Impa*- 
ceptB^ movemoits due to expansion and contraction, <a to 
the wedging actitm of rootlets, take place under the control of 
gravity, so that the cumulative ^^t is downwards. Evm 
the sub-s<^ ai^ die upptur parts of the bedrock share in this 
moveanent. Tbe upper ends steeply dipping or d«wed 
beds are pdi|ed ap^ by frost and rood^ until they gradua% 
curve over hx the dowsd^ dkectiem. This results m 
appaibat dipi vduch, eaqposed in cuttii^ and gullies, may 
depart conskierabiy from dtose df lhe undkturbed finmadon. 

When sed beemnes thoroughly water-li^Eged, as hs^pens 
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particularly in cdder crates and at high altitudes after the 
mdting of snow, the downward creep passes into actual flow 
and is then desoibed as sol^ucHon (soil-flow), flows of mud 
and peat, refiarred to as bog-bursts, occur periodically in 
Ireland. 

The same group of processes operating in screes leads to 
nmilar results. Moreover, screes become bodilv unstable as 
Augments fed fix>m above gradually steepen the slopes.' After 
a thorough soaking and lubrication by water ^m rain or 
melting snow, the weight is increased, while fticnon and the 
ai^e of rqiose (norm^y 25°-35'’) are decreased.! The soree 
thereupon begins to slide. In the gorges of rivers i^ the Hima- 
layas and other ranges of vigorous relief such debris-slides or 
rock-avalanches sometimes occur on a gigantic scale. The 
valley below may be dammed across. A lake then forms on 
the upstream side and, bursting suddenly through the wall of 
debris, may cause a disastrous flood. In sub-arctic regions, 
where fi'ost and thaw are especially active, rock-glaci^s or stone- 
rivers spread outwards on suitable slopes. The mechanisms of 
these phenomena are intermediate between these responsible 
for soil-creep and debris-slides. 

It is a matter of common observation that steep grassy 
slopes above valley floors are often scored at intervals with 
li^e terracettes or “ sheep-tracks ” in the soil, particularly where 
the stream undercuts and steepens the banks. These features 
are due to simdl landslips which, as they are of frequent 
occunome, cmitribute largely to the removal of mantle 
deponts. The essmtud conditions are lack of support in front 
and lubrication behind. Similar conditions favour landslides on 
a bigger scale, ^erever slumping (Fig. 63) or sliding (Fig. 64) 
can occur on the sides (£ undercut slopes, precipices, and diffi, 
or of road, raflway, and canal cutdngs, particularly where 
heavy massive docIes plateau basdt) ovodie weak and 
easily lubricated formations. Slum|ni% taka {dace on a 
dirved dip ^laa^ and a l^kward tihhig of’t^ stufoce often 
lesalts. Sliding occurs when beddiug and cleavage plahes,. 
i^t fbKilmna, joints.d^ towards a ^dleym’:Other dlqiressu^ 
at « dat^g<etom aiq;le. 
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PLATE 32 



[Am, Mus, Nat, History, N.Y, 
(A^ Fretted erosion of well bedded and jointed strata at the head of 
Bryce Canyon, Utah 



[N, H. Darton, U,S. GeoL Survey 
(B) The Big Badlands of South Dakota 



PLATE 33 




[G. P. Abraham, Ltd., Keswick {H.M. Geol. Survey 

(A) Buttress of boulder clay developing into earth (B) Earth pillar of soft conglomerate (Old Red Sand- 

pillars, Val d’H^rens (tributary of Upper Rhone) stone), Aultderg Burn, south of Fochabers, Elgin 



Landslide (1927) from the Motto d’Arbino across the Valle d’Arbedo, near Bellinzona, Ticino Valley above 



[U.M. Geol. Survey 

(A) The “ tools ” of a river, left stranded in dry weather. Vallqy cut in 
boulder clay, Anglezark Moor, east of Chorley, Lancashire 



[R. Welch 

(B) Pot'hole drilled in Tertiary basalt, Gknariff, Cio. Antrim 



LAND8XJDSS 

Plate S4 illustrates a landslide (as seen in 1986) Aat 
obstructed a tributary of the Ticino valley in 1927. Sev^ 
years previously a crack that appeared near the top df a hill 



Fio. 63 

To illustrate slumping on curved surfaces in unconsolidated or other weak 
formations ; showing characteristic back-tilting at the sur&ce 

on the right-hand side had slowly developed into a gaping 
fissure about 6 feet wide. Subsequent movements were care- 
fully measured by setting up a line of stakes and recording 



Fio. 64 

To iBustzate canditiona fovouring rock slides on lubricated bedding planes 


their posititHis sevdral times daily. One day in 1927 a sodden 
movement dT 8 cnr 10 Ibet occurred. A waximig vtses im« 
nted^tdy tdephoned, and the danger zone evacoMed. 



SlVlft ACTION AND VALUEY D£VELOPMBNT 

Forty-eight hours later the long-thteatened slide took place, 
fortunately without loss of life. 

The sediments of the flat terrace seen in the foreground ci 
Plate 31 were deposited in a lake that formerly occupied a long 
stretch of the Uppor Bhine and its tributaries. The lake was 
impounded by a gigantic prehistoric landslide that blocked 
the main valley near Flims, about 30 miles downstre^. The 
landslide debris itself covers an area of some 20 square miles, 
and formed a dam (since cut through by the iiver][ not less 
than 2,700 feet thick. 

Erosion and Transport by Rivers 

The work of river erosion is accomplished in four difierent 
ways, an of which actively co-operate. 

(a) Corrosion is the solvent and chemical action of the water 
df the stream on the materials with which it comes into contact. 
(&) Hydraulic action is the mechanical loosening and Removal 
materials by water alone. Flowing water can sweep away 
loose dqxKits and wash out particles from weakly resistant 
sediment. A river may not acquire much new material by 
sluidng its channel, but the coarser part of the load is likdy to 
be dropped over and over again during transit (Plate 35a), 
and each time it has to be picked up afresh before transpoit 
can proceed. Where the current is strong enough, as whqi a 
river is in spate, water may be driven under jointed slabs with 
sufficient force to hoist them up, turn them over, and so make 
them availaUe for transport. 

(4 Corrosion is the wearing away of the sides mid floor with 
the s^ the boulders, pebbles, sand, and silt which are being 
traa^NMEed. By scour and impact even the hardest bedrocks 
are esEcavated and snooothed. ThFdrilling of pot-holes is one of 
titt most potent methods of down-cutting. These devdop in 
the . dqmBnions of rodry channels or ^m hdllows frfrmed 
wimm hoidders and pebbles, acting like drilling molS| are 
swhfod round by edffies (Plate Vertic^ holes 
ariscEit decfdy into the rock as the water plunges in and ke^ 
tbediRhng toeds in action by its sparal modoru As the bouhlets 
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wear away^ and arc sw^t out with the finer luatwrialfi , he w 
ones take their place and carry on the work. In front at a 
waterM very large pot-holes may develc^ in the floor of tibc 
“ plunge-pool.” This leads to deepening of the channel, and 
at the same time a combination of hydraulic action and cor- 
rasion undermines the ledge of the fall. The eddying spray 
behind the fall itself is particularly effective in scouring out 
the less resistant formations that underlie the ledge (Fig. 68). 
Blocks of the ledge are then left unsupported and fall away at 
intervals, thus causing a migration of the fall in an upstream 
direction, and leaving a gorge in front. 

(d) Attrition is the wear and tear suffered by the transported 
materials themselves, whereby they are broken down, smoothed, 
and rounded. The smaller fragments and the finer particles 
liberated as by-products are then more easily carried away. 

The solid part of the load carried by a river includes the 
rock-waste supplied to it by rain-wash, surface creep and slump, 
etc., and by tributaries and external agents such as glaciers 
and the wind, together with that acquired by its own destruc- 
tive work, as described above. The debris is transported in 
various ways. The smaller particles are carried with the 
stream in suspension, the tendency to settle bdng counter- 
balanced by eddies. Larger particles, which settle at intervals 
and are then swirled up ^ain, skip along in a series of jumps. 
Pebbles and boulders roll or slide along the bottom, according 
to their shapes. Very large blocks may move along on a layer 
of cobbles tdiich act like ball-bearings. 

The transporting power of a stream rises very rapidly as 
the velocity increases. Experiments show that with debris of' 
mixed shapes and sizes the load that can be carried by running^ 
water is proportional to something between the third and 
fourtii powor of the vdodty. But for fragments of a given 
shape, ^e largest tiize that can be moved is proportional to tiie 
sixth power at tiie velocity. Very laige boulders which may 
raaaain stationary in the stream bed for Im^ podods can thus 
be carried downstream by intermittent storm waters. 

Jf the mpply of debris exceeds the load that can be 
pMJted, or if Ac vdodty is checked, part of Ae material: it lift 
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behind or deposited on the river bed, to be picked up later 
when the stream is running more vigorously. Eadi time, the 
largest ingredients of the load are the first to be dropped and 
the finest are the first to be moved on again. In consequence, 
a river begins to sort out its burden as socm as it receives it. 
From source to mouth the deposited materials gradually 
change in type from coarse to fine. 

In addition to their solid load, rivers transport a jgreat deal 
o£ material in solution, most of which is contributed to them 
by surface and underground drainage waters. The proportions 
o£ dissolved and solid load vary enormously firom placA to place 
and firom time to time. Data referring to the work oj[ erosion 
and transport achieved by all the chief rivers of the world over 
representative periods of years show that on an average about 
8,000 million tons of rock>waste are removed firom the lands 
and tranrierred to the sea every year. Of this total about 
30 per cent, is carried in solution. The drainage areas are at 
presort being worn down at an average .rate of one^foot in 
about 0,000 years, but the average rates for individual regions 
range from a foot in 400 years for the Irrawaddy basin to a 
foot in 47,000 years for the low-lying basins draining into 
Hudson Bay. 


Lbnothenino and Deepening of Valleys 


In the upper part of a typical stream gradients are steep, 
riie water runs sv^y and the narrow valley is dther a gorge 
at V««haped, and the walls are often rocky. This is the torrent 
ox mumtenntraet. Lowo: down, in the middle part of the stream 
— die naU^ tract — are gentler and the valley has become 
much widor. Nearer the sea, in the ficm trakf the valley 
iactudes a broad fiood-pdain, which is liable to deposititm 
whenever the river overibws its banks. Seawards, the river 


may Bow into an estuary, or the |dain tract may grow outwards 

£ a, delta. 

Not all rivets, faoweverj^ have yet had time to develop a 
I aequoNse o£ tracts. Sc^ streams pass directly fixan the 
Yiyilgl.tiact dbe am ; othm, much younger in devriop- 
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PLATE 36 
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[F. N. Ashcroft 

Via Mala Gorge, looking upstream between Thusis and Zillis, Switzerland 


[G. P* Abraham, Ltd,, Keswick 
(A) Infilling of a lake by sediment. Head of Derwentwater viewed from 
the Watendlath path, Lake District 



[G. P, Abraham, Ltd,, Keswick 


(B) Alluvial flats marking the site of a fcamer lake. Borrowdale, looking 
north from Glaramara. Derwentwater and Skiddaw in the background 



GOROES 


me&t, may still be entirely in the torrent stage. Such coadi- 
ticms are also brought alMut when submez^ence the lazui 
takes place, and die lower reaches the rivers already de- 
veloped are “ drowned.” 

In general, young valleys are lengthoied and grow back- 
wards into the land by headward erosion, due to rain-wash, 
gullying, and the creqi and slump of surface materials at 
their heads. The torrent tract thus extends inland. At the 
same time the valley is deepened by the active co-operati<m of 
all the processes of river erosion. When the valley floor is cut 
down so rapidly that there has been insufficient time for any 
appreciable widoiing of the sides, a vertical chasm with pre- 
cipitous walls results. The well-known Liitschine and Via Mala 
gorges of Switzerland are familiar examples (Plate 36). The 
cutting of gorges is favoured in areas well above sea levd 
where the rocks are highly resistant to weathering and the 
widening processes (page 160) act dowly. Waterfalls often 
have gorges in front of them, formed during the cuttii^ back 
of the rock face over which the water plunges. The more 
spectacular gorges, like those of the Himalayas and Andes, are 
cut by extremely active rivers which have continued to saw 
downwards through the rocks during the actual uplift of the 
mountain ranges. 

Where widening and deepening proceed together, as 
happens more commonly (and in any case as the widening 
processes catch up), V-shaped valleys are devebped, and the 
V gradually opens out as time goes on. The torrent tract thus 
evolves into the valley tract, and each gradually migrates 
inland as the source continues to recede by headward erosion. 


Grasino of Rivers 

Smot a liver vdiich flows into the sea must have a gz^uHient 
towards the sea, the de^ening of avails is necessarily limited 
by sea levd. An imaginary extension of sea levd imder the 
li^ k ^ iosodofd c£ liver eroskau Hm profile of a 
rivdr alm^its W i gfb fiom mouth to sotoce k tiierdwt a '^le 
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which is tangential to sea levd and rises inland. In youth the 
profile is more or les irregular, but as maturity is attained the 
major irregularities are smoothed out. It is easy to see how the 
initial irregularities are destined to disappear. At each point 
of the profile there must be a certain minimum gradient \riiich 
will give the stream just sufiicient velocity to carry off the load 
which it acquires. Wherever the gradient is steep^ than the 
minimum there necessary, the increased vdocity ro brought 
about promotes erosion which wears the gradi^t down. 
Wherever the gradient is less steep, the vdocity is\ checked, 
and the resulting deposition of part of the load builds the 
gradient up. \ 

When the profile is devdoped so that it everywhere pro- 
vides the necessary minimum gradient, it is called a graded 



1 ^ 0 . 66 

To show the relation between base-level and grade 
{After R, S. Tarr and O. D, von Engek) 


profile or a profile of equUibrium. Since this gradient varies with 
the stream-flow, being least when the stream-flow is greatest, 
it follows that it is steepest towards the soiuxe. Under ideal 
conditions it would theoretically have the shape of a hyper- 
bdic . curve, concave upwards (Fig. 65). The ideal curve is 
never quite attained, however, because it implies a delicate 
balance bdween gmdient on the one hand, tmd stream flow, 
transporting power, and load to be carried, on the other ; 
a balance which is never maintained for long. Variations in 
the supply ci water and rock-waste from time to time, and 
espedally where tributaries come in, inevitaUy involve d^ht 
am -tmnporary fluduatu^ A river or any Its reaches in 
which rile profile equifilnium is thus |ipim»dmatdy estab- 
fidifid u its^ said to be. gna&d or 

Ihiwnward erorion does not ceaae whm a river is graded, 
it may rium become vtxy dow. For a given strimm- 
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flow, the necessary gradient decreases as the load decreases. 
And as the whole relief of the drainage area continues to be 
reduced, the load itself systematically decreases as time goes 
on, while the stream-flow remains about the same. Conse- 
quently the graded profile can be, and is, slowly flattened out. 
Base-levd, always being approached but never quite attained, 
is its only limit. 

The level of the main river at the point where a tributary 
enters acts as a local base-level for that tributary. In the normd 
development of a river system graded tributaries thus become 
so adjusted to the main stream that they join it tangentially. 
When tributaries fail to behave in this way the absence of 
adjustment is a clear indication that the cycle of erosion has 
been interrupted by changes of slope due, as a rule, to earth 


IjiCustrine Flats art 
built out into take 
by deltaic deposits 


Headward erosion 
lowers the outlet 
and drains the lake 

I 



Local Base level for 
streams flowing into lake 


Fio. 66 

To illustrate the elimination of a lake by sedimentation at the inlets and head- 
ward erosion at the outlet. Successive positions of graded profiles are ^own 
before and after elimination 


movements or glaciation. The alluvial fans and cones do* 
scribed on page 201, and the waterfalls of recently glaciated 
countries (page 221), are ^nspicuous features resulting firom 
such interruptions. 

Variotis irregularities in a river channel may postpone the 
general establishment of grade, though above and below these 
features individual reaches of the river may be temporarily 
graded. A lake, for example, acts as a local base-level ftnr the 
streams discharging into it. Lakes that occupy deep d^fmcs- 
sions have a very long life, but shallow ones are, geologically 
speaking, soon ^minated. A lake is a trap for seditoentt, 
destined to be silted up by deltaic outgrowths fiwm the Inlets. 
At the saine tinw down-cutting of the outlet lowras the level, 
drains the lake, and reduces its area (Fig. 66). Ultima^y the 
lalee is rei^aced fay a brmul lacushine fiat whi% the 
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river flows (Hate 31). Down<«uttingth]x>u|^the8edunentsaad 
underlying rock-flOw dien proceeds until ccmtinuity of grade 
is established between the upper and lower reaches of the river. 
In the Lake District (page 183) lakes can be seen in every stage 
elimination, together with lacustrine flats in which young 
valleys are already bring developed (Plate 37). 

A resistant formation encounto^ by a river also retards 
the establishmait d£ grade and acts as a temporary base-kvd 
for the stream above until it is cut through by waUmalls and 
rapids. The latter persist so long as the outcrop of otetructive 
rock remains out of grade with the graded reaches in me softer 
rocks exposed above and bdow. 


Watsrfalu 

Whov an outcrop of resistant rock is followed downstream 
by a weaker formation, the latter is relatively quickly worn 
down. At the junction, and subsequently above it, the river- 
bed is steepened and the stream rushes down the slo]|>e as a 



Fm. 67 

Sucoesnve stagff in the recession and elimination of a water&ll 
I Profile of stream (drawn as graded) above an early position of the fidls 
n Present profile above fidb 

III Future profile after degeneration of the folk into rapids 

IV Futureprofile (graded throughout) after elimination (Sibils and rapfis 

r^id. If die face of the resistant rock becomes vertical, the 
stream {flunges over the crest as a wtdeffdl. The procenes 
winrii ]»hig about recession and.. 4 ^>rge development hiave 
already been riescrfoed. Waterfalls eventually d^[«ierate into 
nqncb m the^ |m^ b<^;ha to abroach grade (Fig. 67). A 
&& fjbn descf!^ Bi a series leaps s soBB^mes refat^ to 
ma^iariBife. An essGCptkma! volume water is iaiq^ed by the 
tonn ailiarad^ which may be applied ridaar to wateifidls ’in'. 


NIAGARA VALL8 


more commonly, to steep rapids. Rapids are favoisred 
throughout the wearing down of an obstructive formation if 
its dip is steep. And where the dip is downstream, evai if it 
be moderate, the development of a vertical face is precluded, 
and rapids are formed instead of a waterfall. 

Where a bed of stroi^ rock, horizontal or geatly indined, 



Fio. 68 

Section across the Niagara Falls showing the sequence of hard and soh formations 
and illustrating the mechanism of recession 

ovoiies weaker beds the former is the “fall-maker,” and 
scouring o£ the softer beds underneath leads to undermining 
and recesrion. At Hi^ ?orce in Teesdale the tough ai^ 
weU-joihted Whin 1^ is the fall-maker. In the Yorkshim dales 
falls are commonly devek^ied over ledges of limestone under- 
lain by shale. 

the Mtfgara Palis are foe dassic example of this type 
O^tte 38). As shown in Fig. 68 foe river plunges 
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feet (according to die depth of the river bdow) over a dddk 
ledge of limestone. The American Falls (frontage, 1,060 fiset) 
are separated from the Canadian or Honeshoe Falls (frontage, 
2,600 feet) by Goat Island. The mean flow, bribre ^e 
diversion of much of the water to hydro^ectric plants, wai 
eighty>five times that of the Thames. Most of the water passes 
over the Horseshoe Falls which, as their name implies, are 
receding much more rapidly (3-4 feet a year) .than the 
American Falls (a few inches only). Afrer the withdrawal of 
the Labrador ice sheet from this region about 20,000Wears ago 
(page 243), the Niagara River followed a course towards Lake 
Ontario, which led it over a pre-glacial escarpment. IThe fall 
thus initiated has since receded 7 miles, leaving a gorge of 
which the rim is about 200 feet above the river, and on the 
average about 360 feet above the river floor. Ultimately the 
Falls will cut back until Lake Erie is partly drained. 

The Kakteur Falls on the Potaro River in British Guiana 
are also of this type, though in this case the ledge, over 
which the river makes a sheer leap of 740 feet, consists of 
hard conglomerate, and is underlain by softer sandstones 
and shales. 

The TellowsUme Falls (Upper, 106 feet ; and Lower, 308 
feet) are cutting through an immensely thick mass of rhyolite, 
parts of which have been altered and weakened, and at the same 
time gorgeously coloured, by chemical changes due to thermal 
waters. Hot springs still emerge along the floor of die canyon, 
which in places is 2,600 feet deep. The fresh resistant layers 
c£ rhyolite are the i^-makers. Ru^ed spurs and pinnacles 
are 1^ as the walls of the canyon are worn back, all vividly 
splashed with colours of every hue (Plate SOa). 

Uplifted areas of plateau basalts of varying resistance 
{novide the structural background for some of the world’s 
ffxaUxst faUs. In the British Isles thfi most attractive otamples 
^ this Und sue those o£ Glenariff m Antrim. At the Vutoria 
FeUs (Plate 89b) the Zamb^ drc^ 360 fret from a nearly 
levdl ^^uudtic {flat^ into a gmge 60 miles loi^, throng 
whidbi it rusiM as a powerful tomait with surging rapids at 
laterv^. Ute extraordinarily acute swcxves the t^per 
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part of the gorge well iUiistrate the dependence of finin on 
structure. Shatter zones which lie athwart the general course 
of die river, and furnish easily removable masses of basalt, 
have controlled the zigzag course picked out by the falls and 
followed during their recession. 

The Guayra FaUs of the Farani River, where it becomes the 
boimdary l^tween Brazil and Paraguay, have developed in 
the Parand basalts. Here a narrow gorge has beoi cut deeply 
back into the broad river floor, so that, besides the fall at the 
head, there are twelve lateral falls on one side of the gorge 
and five on the other. Taken as a whole this three-mile pano- 
rama of falls is the greatest in the world. Although the he^ht 
is only 130 feet, the mean flow of water is more than twice that 
of Niagara, rising to six times greater when the river is in 
flood. Tributaries entering the Parand below Guayra also 
descend in falls, the chief example bring the Iguazu FaUs on the 
Brazil-Argentine boundary. These are twice as high as the 
Guayra Falls, but, except in flood, the volume is much less 
than that of Niagara. 

Where rivers pass from uplifted areas of metamorphic and 
massive igneous rocks to a plain of weakly resistant formations, 
waterfalls are initiated and often gain height as they recede. 
The rivers flowing from the hard rodb of the Appalachian 
uplands have thus developed falls and rapids along the “ fall- 
zone ” before they reach the softer sediments of the Adantic 
coastal plain. More spectacular examples of this type are the 
Piudo J^onso Falls of the Rio Francisco in the Pre-Cambrian 
crystalline rocks of N.£. Brazil, with a drop of 270 feet at the 
head of a canyon 42 miles long ; the Aughrabies Fails (460 feet), 
where the Orange River passes into a grim and desolate gorge 
of naked granite and gneiss (Fig. 69) ; the Grand F^s oj 
Labrador, remarkable for a steeply slanting crest which jg^ves 
the River Hamilton a high vriocity even before it b^;ins its leap 
of ^)0 feet ; and the Gersappa Falls in the Westrni Ghats df 
N.W. Mysco)^ which have a sheer drop of 830 feet In the 
mimsQon floods the last of these has some chuin to be conadrted 
the greatest single &11 in the world, for it then combines peat 
height mth excq>t»Hial vcdume. In the dry seascm, however, 
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[5ofi/A African Air Force 

Fio. 69 

Aerial view of the Aughrabies Falla and Goige, Orange River, South Afisca 

it dwindles to a trifling flow. There are many falls of greater 
height, but these are all due to small streams falling over 
precipices already provided for them (see Plate 63). 


WmENmo OF Valuevs 

Widening of vsflleys by the wearing back of the sides is 
accomiflh^ed by a great variety (^processes. 'Ih.ese include 
die scouring and steepening of the channd sides by the river 
itself; rain-wash and gullying; sofl^aeq), slumping, land- 
stides^ and avriandbes ; chemical weatheihig and le a ^ii ^ by 
gnnnid-watets ; removal of loose matmiel 1^ wind ; and the 
gBueral co-operation of imxunmg tributaztes, whidi widen the 
W' - . ' - s6o 








NIAGARA FALLS 



\T. L. Bierwert, Am. Mus. Nat. History, N.Y. [E.N.A. 

(A) The Great Falls of the Yellowstone, Wyoming (B) Victoria Falls, Southern Rhodesia 


WlDEITmO OF VALLEYS 


main vaDey where th^ enter it. The V-shaped cross-pat^e, 
which is characteristic of valleys widened in homogeneous 
rocks, opens out more quickly in soft rocks than in hard, and 
this effect controls the form of the profile at all levels. Thus, 
in a valley carved through a series of alternating hard and soft 
beds the sides rise by slopes which are steep and precijntous 
where the edge rf a hard band outcrops ; terraced, across the 
exposed top of such a band ; and of intermediate gradient 
where the rocks are less resistant. The Grand Canyon of 
Colorado clearly illustrates — at a very youthfiil stage — this 
dependence of profile on structure (Fig. 70). At the other 
extreme, valleys in broad structural downwarps at a low levd 



Fro. 70 


Section across the south wall of the Grand Canyon of the Colorado at Grand 
Canyon Station, Arizona. Scale (horizontal and vortical) 1 inch » 1 mile. 

(4/iEsr DarUm) See also Plate 1 and Fig. 103 

are wide and have all the superficial characteristics of old age 
firom the start. 

Young streams are rarely straight for any distance, but 
tend to follow a winding course (Fig. 71), determined in the 
first instance by variations in the rocks encountered and; in 
the structures of those rocks. Several effects of fundamental 
importance are brought about as vrater flows round a curve. 
The main curroit df the stream (AB in Fig. 72) is deflected 
towards the outer bank wdl beyond the beginning of the curve. 
At the same time the centrifugal force acting on the water 
concentrates it towards the outer bank where it heaps up. A 
return current along the bottom (a, d, c, in Fig. 72), directed 
tovirards the nuior bant, is thus s^ up. The stream flows, in 
ftet, with a screwdike motion. These conditions obviomfy’ 
knn^ marimum erosion on the outside dl the curve and' 
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[HM. Geol. Swvey 

Fio. 71 

Y(mthfld valley iivith overlapping spurs. Crossdale Beck, 

Ennerdale, Gumb^land 

minimum erosion or deposition on the inside (Fig. 78). The 
resulting changes in the river channel and valley may be 
summarised in order, as follows (I^. 74) : 

1. Hie diannel is deepened on the outer side of each bend. 

2. outer bank is worn back and imdercut by lateral 
ero&Hi, suid the slopes above afe consequently i steepened, 
k)ca]}^ into river dil^. 

8L As each bend is tiius mdexud and deepcitod laterally* 
die shifts towaxds tiie undeteto: dope, and a taperiqg 
spur, sometiotos called the ** sUp-dS* slqpe ” is 1^ on the 

ifia 






Fio. 79 

To Ohistrate the flow of water round a bend (in lecdon) and dw zenilting 
lateral cmratiiKi and depodtion 


in cross-jHxtfile. In plan, the interlocking spurs alternate with 
the undercut slopes. 

4. Each bend is oolaiged downstream as well as laters%^ 
and thus tea& to migrate downstream as a whole. As eadi oi 
the sdgr^ing boids of a inauous stream reaches the spur pest 
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Fio. 74 

Widening of a valley flow by lateral erosion and downward migratibn oi bends. 


The swinging stream eventually trims each overlapping s^ in)^< 
leaving a ** slip-oiT” slope on the other side 


a bluff, 


bdow, the latter in turn is undercut and trimmed off, while 
deposition now b^ins at the foot of the temporarily abandoned 
undercut slope on the other side of the valley floor. Each time 
a bend swings back to a shingle .bank the river is at a lower 
level, and any portion of the ba& that is not then removed 
remains as a terrace on the valley side. Such featured are, of 
course, only short*lived, because as the valley is widened they 
inevitably ^appear. 

6 . By the rqjetition of this widening process, as bend after 
bend migrates downstream, the spurs are all gradually cut 
away, and a trough>like valley with a nearly flat floor bounded 
by Uufl& is developed (Plate 30). The shingle banks are now 
oilaiged into broad embayments betwem successive bends. 
The bi ynning a of a flood-plain are thus establi^ed. During 
die continued devek^ment of this stage the river becomes 
graded and ftirther deqiening is then extranely slow. 


Mbamsi»b 

' the river ccnrimues to swing ftom side to sMe, it imdei> 
b3ui& wheiem* a bend ta^iioges apon.&esn, and so 
the vridenir^ of the vaftey floor ^oceedi^ 
dieflidiriyviiastii^ ThetduKntidlriiowen^b^yinriv^ 




[iV. H. Darton, US. Geol. Survey 
(B) Deposition from a heavily laden braided river. North Platte River, 
Nebraska-Wyoming boundary 



PLATE 41 



[H.M, Geol. Survey 

(A) Tidenham Bend, a meander of the River Wye, near Chepstow, Gloucester* 
shire, with well developed bluffs (left) and slip-off slope (middle) 



[E,N.A. 

(B) Meanders of the Rio Grande, separating Mexico (behind) from United 
States territory (in front). Note ox-bow lake (bottom left) 



MEiUHTiEItS 

deposits, bedrock beii^ exposed only in and below tbe 
Eadi part of die material depoated on die growing flood-]dabi 
is worked over in tom during the downward sweep of the boub^ 
fredi additions from above constandy tnalting good the losses 
by erosion and transport The bends, now free to develop in 
any direction, except where they encounter the vaUey side, are 
more quickly modified. The stream is likely to be «1n ggi«ti 
ami easily turned aside by obstructions in the dhannd floor 
and by the inflow fi?om tributaries. Freely developing bends 
are called meanders from thdr prevalence in the River M ea nd er 
in Asia Minor. 

As meanders of short radius are enlarged more rapidly 



Fig. 76 

Successive stages in the development of meanders, showing the formation of an 
ox«bow lake by the ** cut-off” of a loop 


than bigger ones, the curves all tend to have radii of about the 
same order. But as the curves develop by undocutting and 
deposition (Fig. 76), the meanders swdl into loops which 
gradually approach until they coalesce. If a flood occurs 
whoi only a nsurow neck of land is Idt betw«n ac^ining 
locps, the aumientum t£ the increased flow is likely to carry 
the stream across the neck and thus short-dreuit its course. 
On the side of tlm cut-off ” a deserted channd a left, fiuimog 
an M-iem lalce tdiich sotm dt^enerates into a swamp m it is 
alN^ up by lafrar floods (Plate 41b). By nudang artifidd 
(19^7-^?) the hfia^ppi River Gomnusdon has short* 
a S8i-mile strdch of the riva* by 116 miles., The nsdiual 
dtoi^-clrctdtiiig process sets a Ikmt to the giowk^ tdM of 
too 165 la 
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meaiKlen. Where Ihe channd of the Mism^ppi is about half 
a mile wide, the meanders c<Hnmonly have a radius of 4 or 5 
miles. Narrowo: streams deveic^ meandos cf prqxntionatdy 
smaller radius Plate 86a}. 

As a result of this restriction on growth, a meandering river 
flows in a mander-belt (Fig. 76), which is usually about 15 to 
18 times the width of the river. Hre meanders themsdves 
swing down tire belt with a snake>like motion. Rehcs of old 



Fio. 76 

Meander-bdt of the river Forth. Horizontal shading indicates land 
above 400 leet 


ox-bows, indicating the positions of former meanders, can be 
clearly seen from tire air, although they may no longer be 
obvious on tiie ground. This is because the v^^tirm (re* 
fleeting the differences in soil and drainage) of an infilled ox- 
bow 1^ differs from that of the ncnmal alluvium. 

The valley reaches full maturity when its widtii is about 
tile same as that of the meander-bdt appropriate to the width 
of the rivtf . As the bordering bluffr the valley continue to 
be cut back irhae mdividudl meanders imftinge againM; tiiem, 
tiie valley floor slowly expimds imtil, after an inunensdy kag 
period, it may attain a width several times that of the meander- 
bdt. The latter thoa itsdfewii^ to and fro across the unde 
flood-plain, ami age has bm readmd* An interesting 
xuiilicatkm of j^ swmg cd* a meander-bdt mm pras^ded hy tiie 
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i&covtay of the ruins c£ the andent dty of Ur of .the CSutkte^ 
— die hornet Of Abraham— in Mesopotamia. Five thousand 
yems ago the Eiiqdirates was 5 miles to the west td* Ur ; now 
it is 6 i^es to the east <£ the ruins. 


Flood Plains 


n* a stream is heavily laden with coarse debris &om nearby 
mountains, its minimum gradient and rate of flow are neces* 
saiily grei^er than for one carrying finer material. As floods 
subside, bars and islands shingle are left on the channd floor 
and the stream is obliged to (fivide into a network of many^ 
channels. Such a stream is said to be braided (Plate 40^' 



Fio. 77 

SrhwMtiV Mctian acran the flood plain of a stream bordered bjr natural levees 


Thoroughly do^ed rivers. o£ this kind, much d* the water o£ 
which flows below the surface through the intmstices of the 
shingle, do not make meanders. 

In the early stages of flood-plain devdopment by streams 
less heavily charg^ vdth coarse debris, shingle-banks are 
deposited on the inner sides of bends, and these may gradually 
eaqiand to form a deposit of river gravds ov« a wide area 
(Plate 40 a). Later, however, when meanders are devdt^nxq;, 
the stream carries <mly mnd, silt, and mud, and these axt 
spread by flrmdn as a veneer of alluvium over the coarser 
deposits of an earlier sts^e. Eadx time the stream overflows 
its bauira tJuj cuitent is checked at the maigm of the dumnd, 
and the coarsest part d the load is dropp^foere. ThuSjUkw 
embankment or haws is built up on ea(^ side (fig. 77). Beym^ 
the levees the ground shapes down, ami foi cotisequerice is' 
liable to be mar&y. Pmiic^ floods, levees may grow across 
the lunctioins of small tributaries. Thelaittarai^/d^n obliged', 
to follow a meandering owirsc d fodT own, oSxn for many 


mVER ACmON AMD VAIXEY DKVBLOPliraiT 

BlikS) brfoK tibey ^fiad a^aew entrance into the main river. 
Dqoeissioiis occtq^ on die way become swampy. The 
diaxacteristic ieatures a flood-plain thus indude meanders, 
ox-bow lakes and marshes, levees, bordering swamps, and a 
com|dkated pattern d* lateral streams. 

Levees afford protection from ordinary floods, but the 
river tben begins to silt up its confin^ channd with matoial 
that would otherwise have been spread as alluviumi over the 
jdain. Its levd is raised, and the levees grow up vkth it, so 
tbat the danger fiom major floods becomes greater than before. 
To obtain increased protection artifidal levees are of^ built, 
but these provide only temporary security, since they ac^ntuate 
the tendency of the river floor to rise. In the flood-plaim d the 
Po in Italy and d the Hwang Ho and Yangtze Kiang in China 
the built-up levees are locally higher than the neighbourii^ 
house-tops, and the rivers flow at a levd well above that of the 
adjdning land. Such conditions are obviously extremdy 
dang«m)us, as a severe flood may break through the levee and 
bring disaster to the agricultural lands over an mormoi^ area. 
Along the Mississippi and its tributaries the flood danger is 
a serious menace. little more than a century ago floods wa% 
easily controlled by levees about four feet dgh. The levees 
have since had to be raised several times. By 1927 they were 
three or four times as high, but neverthdess a great flood then 
l»oke through and devastated 25,000 square ^es. Stroi^er 
levees up to 20 or 30 feet high have now been built, but it is 
dear that dus method d flo^ control is flur from satisfoctory 
by hsdf. It can, however, be sui^lemented by reforestation 
d upBream r^ons (to reduce ^ rate d run-off), by the 
straightening and dre(^;ing d river channds, and by the 
allocation d certdn areas as stmrage reservoirs for flood wator. 

Hie hfississippi floods, like many others, restdt from heavy 
rainfrifi in the early lining, supfAessemed by the mdtu^; d the 
winter’s snow. If almornml snowfall k followed by a wide- 
8{»e8d sudden thaw, so that all the' ttilmtaiies rue slmail- 
taneoiidy (tm^ead dsuccemlvdy, as tmiadly ha{^>^) a serfosw 
ffoed. it inev^tdde. Disastrous flfxxling d the Eiqihiates 
in 11^ asst resuh d dw.nidden d mmia 
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tile An a to l e a n Moantuns^ a tibcnisand . miles fiom JB^^^bdad. 
The ThuneB floods of the same year were due to abnonnsd 
rahifaU supple men ted by die effecti of ^ring tides anH sirong 
gales blowing upstream. In riven like the Indus peat floods 
may also be caused by the release of vast quantity of wator 
ponded back by great landslides which sooner later odttapse. 


Deltas 

When a river reaches the sea much of its load may be 
quickly deposited, partly because the currmt is checked and 
partly because the salt water coagulates the fine particles. 
The sediment thus settles more rapidly than in flesh water. 
Waves and currents, however, may be suflidently strong to 
sweqi avray the material and so prevent the mouth flom bong 
silted up. If, in addition, the land and sea floor are subsiding, 



Fkj. 78 

Sectioo thnwg^ the aedimenti of a ddta. T, topiet beds ; F, fineset beds $ 

B, bottoroiet beds 


<»r have recently done so, the valley will be partly submeiged, 
and the river will pass into the sea by way of a tulal estuary. 

On the other hand, if tides and currents are weak, as in 
asdosed seas like tibe Mediterranean and the Black S», de- 
porition takes place at the mouth of the river on tiie sides and 
flowof tlm chsumd, and in firont c£it, so tiiat a broad, outward- 
skating &n of sedimait is gradually built up on the sea flomr. 
Ibe flxmt of each part of the &n grows seawards, just a» a 
railway embankment is built fcxrward dtning its oonstriustiosi, 
aisd the flood jtiain gradually estench seawards across jts flat 
(Fig. 78). While this is gohag on, and at a very esuiy 
if die sea is shaUow, the channel ^ die river becooMS so 
choked and obstructed that it can no hmger cai^ all rim; 

The swollot river thereflas bie^ through mr acrasi 
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its banks, and so acquires two or more «dts to the sea. This 
process of current bifurcation is repeated again and again, until 
a system of branching channels, called distributaries, is formed. 
The resulting seaward-growing terrace of sediment, traversed 
by distributaries, is a delta. 

The Delta of the Nile was the first to be so named, because 
of the resemblance of its shaf>e to the Greek letter A. It is an 
example of the arcuate type, with a rounded outer edge, nliodified 
in this case by flinging sand-spits shaped by sea Wrents 



Fra. 79 

Map of the Hwang Ho and its delta, showing the distribution of loess (dotted) 
and alluvium (horizontal shading) derived from loess {After G. B, Oress^) 


(Fig. 136). Afler traversing a thousand miles of desert, the 
Nile has comparatively little water left when it reaches the 
Delta, and much of the load is deposited near the apex. 
Frontal growth is therefore slow. The Po delta extends more 
rapidly. Adiia, now 14 mil^ inland, was a seaport 1,800 
years ago, the average rate of advance thus indicated being 
about 40 feet a year. Ostia, the seaport of ancient Rome, is 
now four miles from the mouth of the Tiber. The richly fertile 
ddta the Hwang Ho in North China has grown across what 
was originally a broad bay of the Yellow Sea. A large island, 
now the Shantung Poiinsula, has been half surrounded. Since 
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THE MISSISSIFPI DELTA 


1852 the main branch of the river has emptied to ^e north of 
Shantung, but before then it flowed across the southern section 
of the delta and reached the sea about 300 miles from its 
present mouth. In that year and again in 1887 there were 
calamitous floods in which the loss of life from drowning and 
famine amoimted to many hundreds of thousands (Fig. 79). 

Most deltas, like those mentioned above, are arcuate. Their 
distributaries may be braided if the sediment deposited is 
coarse. If the sediment is finer, meandering courses tend to 
develop. The Mississippi, however, is exceptional in that 



Fio. 80 

The hfississippi delta : fifty yean’ growth 


it extends its mouths seawards by way of deep channels, 
locally called " passes,” which are outstretched like fingers. 
This part of its delta is the chief example of the bird^s foot type 
(Fig. 80). The sediment brought down by the Mississippi 
contains an unusually high proportion of fine mud, and 
deposition is therefore mainly on the levee-like sides of the 
channels, thus co nfining them within impervious banks of 
day. One such mouth is bdng extended 260 feet into the 
Gulf of Mexico every year. 

The Mississippi ddta is slowly subsiding. As deposition 
has kept pace with the sinking, thick accumulations of ddtaic 
sediments have been built up. Borings prove a thickness up 
to at least 2,000 feet, and the low values of gravity — correspond- 
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ing to the low density of the underlying sediment — suggest 
that the actual thickness may be immensely greater. Similar 
acctimulations of sediment, made possible by subsidence, are 
characteristic of most large deltas, including those of the Nile 
and GangeS'Brahmaputra. 

Lakes, in which currents are negligible, provide highly 
favourable conditions for delta growth. When, in addition, 
their waters are salt, the rate of deposition from incoming 
rivers reaches its maximum. The Terek delta is alt present 
growing outwards into the Caspian at the rate of 1,0Q0 feet a 
year. 
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Chapter XI 


DEVELOPMENT OF RIVER SYSTEMS AND 
ASSOCIATED LANDFORMS 

Tributaries and Drainage Patterns 

A consequent stream is one whose original course is deter- 
mined by the initial slopes of a new land surface. From a 
volcanic cone or an uplifted dome the first streams flow off 
radially. A long upwarp or geanticline provides a linear crest 
—the primary watershed or divide— with slopes on each side. 
In many cases the uplifted area consists of a coastal plain 
backed by an older land already drained by rivers. These 
continue down the new surface as extended consequenis. If there 
is no “ old land,” the consequents begin some way below the 
crest, at each point where the drainage firom above just suffices 
to initiate and maintain a stream. As the valley head widens 
and increased drainage is secured, each such stream is pro- 
gressively lengthened by headward erosion. If uplift continues, 
the consequent streams are correspondingly lengthened by 
seaward extension. 

As the consequents dig in, the valley sides furnish secondary 
slopes down which tributaries can flow. The tributaries 
lengthen by headward erosion, which picks out the least re- 
sistant parts of the rocb encountered, such as jointed or 
firactured belts, or beds of clay or shale. Subject to a general 
tendency to flow at right angles to the contours of the 
consequent valley, the pattern formed by tributaries and 
consequents thus depends largely on the nature and structure 
of the rocks which are being dissected. The latter may be 
homogeneous through a considerable depth, or they may 
consist of a stratified series of alternating strong and weak 
beds. 

Where the rocks have no conspicuous grain and offer 
nearly unifiinn resistance to erosion, the headward growth of 
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[South African Air Force 

Fig. 81 


Aerial view of the dendritic drainage developed by insequent streams on inassive 
granite. Tributaries of the Orange River near die Aughrabies Falls (see Fig. 69) 

a tributary (beyond the slopes of the consequent valley) is 
governed primary by the initial regional slope, \rith modifica- 
tions controlled by haphazard irregularities of surface and 
structure. Because of these accidental controls such streams 
are said to be insequent. The regional slope, however, generally 
determines the prevalent direction followed by an insequent 
tributary ; it commonly makes an acute angle with the up- 
stream part of the consequent valley. As each insequent 
stream develops its own valley, it receives in turn a second 
generation of tributaries. The branching drainage pattern so 
established is tree-like in plan, and is described as dendriiie 
(Fig. 81 ). If the rocks are well jointed, however, a more 
rectangular pattern is likely to result. 

Where, as commonly happens, the rocks consist of belts of 
alternately weak and strong beds, dipping seawards, the con- 
sequent valley is narrow and-steep-sid^ where it cuts through 
resistant beds (sandstones, limestone^ lavas, or sills), and broad 
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recession of watersheds 

and open where it crosses outcrops of weak beds (clay or shale). 
A tributary begiiming on weak rocks has a great initial 
advantage. Headward erosion guides it back along the weak 
bed, parallel to the strike. Such a tributary is called a sub- 
sequent stream. The rectangular drainage pattern formed by 
consequent streams parallel to the dip and subsequent streams 
parallel to the strike is described as trellised (cf. Fig. 86). Later 
tributaries add further detail to the trellised pattern. 


Shiftino of Divides and River Capture 

The position of a divide remains permanent only if the rates 
of erosion are the same on each side, a state of affairs that is 
practically never achieved. It usually happens that the 
opposing slopes are unequally inclined, and that erosion is 
more effective on the steeper side. Consequently the divide 
is gradually pushed back towards the side with the gentler 
slope (Fig. 82). In primary divides this effect is most rapidly 



¥iq. 82 

SecdoQ to diow the lecesdon of a watershed from A to B as a result of die 
effect of unequal slopes on erosion 


produced by headward erosion of the consequent valley- 
heads. As the latter work back through the crest, some from 
one side and some from the other, the divide becomes zigzag 
or sinuous, while the crest is notched and becomes increasingly 
uneven (Fig. 83). As deepening proceeds, the dissection oi the 
ridge is steadily daborated and the more resistant rocks 
between the valley heads stand out as peaks. Where the 
headward migration of one valley head encroaches on a valley 
head at the other side, the notch in the crest develops into a 
col or pius. 
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Development of a zig-zag watershed fay headward erosion 


The new drainage area thus acquired by a headward 
growing consequent stream is generally of little importance. 
Migration of the secondary divides between neighbouring 
consequent valleys leads to f2ir more revolutionary changes. 



Fio. 84 


Diagram to show impending river capture. The subsequent stream is 
cutting back at a relatively low level towards the consequent stream C| 

One of the original consequent rivers is likely to have a bigger 
drainage area than its neighbours — either because it flows 
through an undulation in the initial surface or because it is an 
extension of an earlier river in the ** old land ” behind the 
coastal plain — ^and the valley of this major stream is therdbre 



RIVER CAFTURE 


deepened and widened more quickly than the neighbouring 
consequent valleys. If the lateral divides are pushed ba(^ 



Fio. 85 

Trdlised drainage (consequent and subsequent streams), showing the dissection 
of a gently dipping series of hard and soft beds into escarpments and inner 

lowlands 

until they reach these minor streams, the latter and their 
drainage areas are absorbed by the major river. 

Capture of drainage on a still bigger scale becomes possible 
when the major river acquires vigorous subsequent tributaries, 
each working along a feebly resistant formation and each 



Fio. 86 

Later devdopment of the river systems of Fig. 86, illustrating river capture by 
the headward growth of the more vigorous subsequent streams 

pushing back the secondary divide at its head (Figs. 84 and 86). 
Endowed with a rdativdy low local base-level, a deeply 
entrenched subsequent, e.g. Si in Fig. 86, cuts back towards 
a consequent G|, which is still draining an area at a higher 
level EventuaDy C* is intercepted, its headwaters are diverted 
into $ 1 , and its lower course is beheaded. This process is 
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Flo. 87 

River l y il e na of Nordi-east England, to iUustrate river capture by the Ouse 
(along tbe outcrop of the 8<^ Triassic beds — dotteil) and by the North Tyne 
(along die outcrop of the Scremerston Coal Group — wdmtd sheuSag) 

called river capture. The rectangular bend e at the point of 
diversion is known as the elbow of capture. The beheaded river, 
now deprived of much of its drainage, is described as a mvft, 
since its diminished size is no longer appropriate to the valley 
through which it flows. Its new source is some way below the 
dbow capture and the deserted notch, Wg, at the head of its 
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valley becomes a mnd gap. A subsequent stream S 2 , which 
originally entered the captured stream near or above the elbow, 
now has its local base-level lowered to that of S^. It is thus 
enabled to deepen its valley and to extend backwards until it, 
in turn, reaches and beheads the next consequent, Gs. A major 
consequent river, with the aid of its subsequents, may therefore 
acquire a very large drainage area at the expense of its neigh- 
bours. 

The rivers which flow into the estuary of the Humber 
illustrate the development of an actual river system by the 
process of capture outlined above. The uplift of the Pennines 
provided the slopes down which a number of consequent 
streams flowed into the North Sea. Of these only the Aire 
still maintains an uninterrupted course. The Wharfe, Calder, 
and Don were probably tributaries of the Aire from the start. 
The Nidd, Ure, and Swale, however, have each been captured 
in turn by the Ouse, a powerful subsequent stream which 
worked back northwards along the soft strata of the Trias 
(Fig. 87). On the eastern side of the Ouse it is difficult to 
trace the former courses of the beheaded streams, because of 
uplift of the Cleveland Hills and obliteration of the older 
valleys by glacial deposits. A more diagranunadc example is 
provided by the rivers of Northumberland. The three main 
streams, a, b, and c, of the North Tyne system clearly correspond 
to the Wansbeck, a\ a tributary of the Wansbeck, b\ and the 
Blyth, r'. The headwaters of the forertmners of these were 
captured by the North Tyne, a subsequent of the Tyne, as it 
worked back along die soft beds of the Scremerston Goal series. 

River capture by subsequents which developed along the 
clay formation known as the Gault has greatly modified the 
drainage of the Weald. Examples can easily be recognised in 
a map of the region. 

Escarpments and Related Features 

The vaUey of a subsequent stream is widened and deepened 
between divides formed by the bands of resistant rock on dther 
side. As the weak bed is gradually worn away, the upper 
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surface of the underlying resistant bed is uncovered, and on 
this side the valley slope therefore approximates to the dip. 
On the other side the overlying resistant bed is exposed at its 
base and, as a result of undercutting and the falling away of 
joint blocks, it soon begins to stand out as a prominent ledge 
which steepens into an escarpment, facing inland (Fig. 88). As 
the subsequent stream, keeping pace with its consequent, 
continues to deepen its valley in ^e weak rocks, i^ channel 
gradually shifts in the direction of dip, that is, towards the 
escarpment. The latter is thus steadily worn back, leaving a 
gentle dip slope on the other side of the valley. Tne valley 
itself, as it becomes wide and extensive, develops \ into an 
interior lowland. Small tributaries, known as obsequent Weams, 


Initial Position of 
Subsequent stream 


Escarpment 

i Dip Slope 
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Stages in the development and recession of an escarpment 
H = hard, resistant formations S = soft, easily eroded formations 


descend the escarpment, others, called secondary consequents, 
flow down the dip slope, and both sets add to the trellis pattern 
of the drainage {cf. Fig. 86). 

Fig. 48 iUustrates the succession of escarpments and interior 
lowlands between Gloucester and the London Basin. From 
the lias clays and marls of the Severn valley the escarpment of 
the oolitic limestones of the Jurassic rises to the crest of the 
Gotswolds. The Oxford Clay is responsible for the interior 
lowland occupied by the Thames al^ve and below Oxford. 
A minor escarpment, that of the Gdrallian limestone, is then 
followed by the interior lowland of the Kimmeridge Clay. 
Beyond this the Ghiltem Hills represent the escarpment of the 
Chalk, the dip slopes of which lead down to the London basin 
(Fig. 67). The Chalk escarpment curves round to the eastern 
side of the Wash, and continues to the north as the Lincolnshire 
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PLATE 42 



[H.M. GeoL Stirvey 

(A) liscarpment of Carboniferous Limestone, Eglwyseg Mt., 
north of Llangollen, Denbighshire 



[T'. 5. Lovering, U,S. GeoL Survey 
(B) Hogback of Dakota Sandstone (Cretaceous). Foothills east of the 
Front Range, Rocky Mountains, Colorado 





M. Cockburn 

(B) Alluvial terraces of the Frazer River, British Columbia 
RIVER TERRACES 


ESCARPMENTS AND MESAS 



Fio. 89 

To show the relation of various erosional landforms to the structure and dip 
of the strata from which they are carved 


and Yorkshire Wolds. On the south side of the London basin 
the Chalk again emerges as the great escarpment of the North 
Downs which, less conspicuously, swings round the Weald 



[Gfantf U,S. Dept, of Interior 
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Mesa showing marginal “ badland *’ erosion where the protective cap has been 
removed. Zion National Park, Utah 

to appear again on the far side as the South Downs. For illus- 
trations of other escarpments see Plates 18 and 42a. 

An escarpment and its dip slope together form a feature 
for which there is no English name. The Spanish term cuesta 
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(pronounced quesUC^ has therefore been adopted. If the beds 
^p at a high angle, the dip slope becomes as steep as the 
escarpment and the feature corresp>onding to the cuesta is 
simply a ridge or hogback (Plate 42b). At the other extreme, 
in horizontal beds, the cuesta becomes a mesa (Spanish for 
table), that is, a tableland capped by a resistant bed and 
having steep sides all round. Table Mountain, behind Cape 
Town, is a small but high mesa which has been developed 
by erosion from a fault-block. By long continum wearing 
back of the sides, a mesa dwindles into an isolated mat-topped 
hill. In America such a hill is called a butte, from its resem- 
blance to the butt or bole of a tree, and the term has been 
widely adopted. In Western America buttes commonly occur 
where the beds dipping oif the mountain flanks flatten out 
(Figs. 89 and 90). In South Africa, however, similar residual 
lan^orms, many of which are capped by isolated relics 
(outliers) of once continuous dolerite sills are called kopjes. 


Superimposed Drainage 

In many regions ancient folded rocks are now exposed 
which were formerly hidden beneath an unconformable cover 
of later sedimentary formations. The rivers initiated on the 
cover, with a drainage pattern appropriate to its structure, 
ultimately cut their valleys into the underlying rocks, main- 
taining their courses with little or no relation to the very 
different structures in which they then find themselves. As the 
cover is gradually removed by denudation the old rocks are 
exposed over a steadily increasing area, the drainage pattern 
of which has been superimposed on it as an inheritance fi:om the 
vanished cover. 

The -clearest example of superimposed drainage in Britain 
is afforded by the rivers and lakes of the Lake District. As 
illustrated in Figs. 91 and 92, the Lake District consists of an 
oval-shaped area of Lower Palaeozoic rocks (folded during the 
Caledonian orogenesis and having a general trend from E.N.E. 
to W.S.W.) enclosed in a frame of Carboniferous Limestone 
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Fig. 91 

Geological sketch-map of the Lake District, showing the radial pattern of the 
superimposed drainage 

and New Red Sandstone, the beds of which everywhere dip 
outwards. The younger formations originally covered the 
older rocks. During Tertiary times the region was uplifted 
into a slightly elongated dome, with its axis curving towards 
the east from a culminating point which lay above the present 
summit of Scafell. The consequent streams that flowed 
radially down the slopes of the dome still persist in the older 
rocks. The radial pattern of the valleys and mountainous 
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Section across the Lake District 

(1) Skiddaw Slates (2) Borrowdale Volcanic Series (3) Con|ston Limestone 
(4) Silurian (6) Carboniferous Limestone (6) New(Red Sandstone 

(Igneous intrusions omitted) ^ 

ridges centred near Scafell is particularly striking.^ As num- 
bered on Fig. 91, the valleys are (1) the headwaters pf Borrow- 
dale and Derwentwater ; (2) Langdale and Windermere ; 
(3) The Duddon ; (4) Eskdale ; (6) Wasdale and Wastwater ; 
(6) Ennerdale ; and (7) Buttermere and Crummock. To the 
east, the streams leading into Coniston, UUswater, and Hawes- 
water flow off the axis towards the north ; and another set of 
streams, some feeding Windermere and others ^ draining 
directly into the Irish Sea, flow southwards. The lakes and 
many of the other scenic features of the Lake District have 
resulted from glaciation. 

The Appalachian rivers of the United States are now inter- 
preted as an ^cample of superimposed drainage. Long after 
the folding of its Palaeozoic rocks, the Appalachian belt was 
worn down and buried beneath a cover of marine sediments. 
Later the region was uplifted, consequent streams flowed down 
the slopes of the cover into the Atlantic, and eventually cut 
their valleys into the foundation rocks. The cover has now 
vanished, and the Appalachians have been dissected into long 
mountainous ridges, but the main rivers continue to cross the 
latter through deep “ water gaps.” Examples of these great 
notches cut through the apparent barriers are the Hudson 
gorge in the Highlands of New York State ; the Delaware 
Water Gap (Fig. 93) farther south; and Ae gap of the 
Potomac at Harper’s Ferry, famous during the Civil War as 
the strategic gateway into the broad interior valley of the 
Shenandoah. 
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The Normal Cycle of Erosion 
md^d''^"‘L^ “f ' abundantly clear that riveta, and 
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in tl^ sequence of the changes involved 

n thy evoluttona^ development of landscapes is called the 

"normal” implying 

mat the development is controlled by river action and 
^on under humid conditions. nie^Se^“,^aS 

appi^b/w\rD^S*S^*^-*° was later 

fn^. A 1 ^' j ^ o”8?nator, to the distinctive land- 
evdoped by erosion under gladal and arid conditions. 
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Fig. 94 

Profiles across an initially uptilted block showing successive stages in the cycle 
of erosion. 1~2, youth ; 3-4, maturity ; 6-6, old age 

A river system may be still youthful in its upper tracts, 
while the characteristics of maturity have already been reached 
lower down and may, indeed, have passed into the monotonous 
features of old age towards the sea. The completion of each 
stage is first attained in the lower tract, and slo\^ly creeps 
inland. In the course of a full cycle rivers and landscapes 
have a relatively short but vigorous youth, a much longer 
period of mature devdopment, and an extremdy long old age 
of decline and degeneration (Fig. 96). The actual time re- 
quired for a cycle to run its course in any given area naturally 
varies enormously with the height and structure of the uplifted 
area, and with the size of the rivers and their drainage basins. 
A million years or so may suffice to bring comparatively small 
rivers, like those of Britain, well into the stage of old age, but 
the great rivers of high Asia may still be far fi:om completing 
their prodigious task in a hundred million years. 

The stage oiyoutii ideally begins with the dissection of a 
featureless plateau or an undulating folded region. It is 
essentially the period during which the valley form is under- 
going vigorous developmdit, especially in depth and headward 
growth. The early rivers flow swiftly and have irregular 
gradients. Lakes, rapids and waterfalls, and gorges are highly 
characteristic features. In recently folded regions the main 
rivers occupy synclinal furrows. Tributary development pro- 
ceeds ra^dly during youth and river capture is common. The 
streams compete for space until the victorious ones acquire 
well defined valleys and drainage ar^. Between the valleys 
there are at first extensive tracts of the original surface, poorly 
drained and often swampy. As the valleys widen, and the 
divides are pushed back, the areas of these tracts gradually 
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Fig. 96 

Wearing down of land surface fix>m youth (a) through maturity {b) to old age (t) 
{After V. C. Finch and G. T. Trewartiia) 


diimnish. The youth of the landscape marges into maturity 
when the relief attains its maximum amplitude. The area is 
then “ all slopes ” (stage 3 in Fig. 94), the last traces of the 
initial surface disappearing as the summits of the divides b^n 
to be worn down. River systems reach the end of the youthful 
st^e when the main stream and its chief tributaries become 
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graded, that is, after lakes, waterfalls, and rapids have been 
eliminated, and gorges have widened into V-shaped valleyrs. 
Most lakes disappear during early youth, but exceptionally 
deep ones, like the Great Lakes of North America, survive 
much longer. It may happen, of course, that grading of a river 
system is not fully established for some time after the initial 
surface has vanished. The land surface will then have reached 
maturity before the rivers have completed their youth. Gener- 
ally, however, when rivers still obviously in their infancy 
traverse a landscape which is long past its youth, the contrast 
is due to uplift of an area already dissected by amearlier but 
uncompleted cycle. \ 

At the beginning of the stage of maturity the divides are at 
their maximum height above the valley floors, and the valleys 
have reached their maximum width, as measured from divide 
to divide. Thereafter, the upland surfaces are slowly lowered, 
but slow as this drawn-out process may be, it is faster than the 
lowering of the graded valley floors. Subsidiary tributaries 
still develop, and some rivers may continue to increase their 
drainage basins by the capture of ndghbouring • streams. 
As the topography gradually becomes more subdued, the 
moimtain peaks of the greater ranges and the hills of the sub- 
sidiary ridges are rounded off into broadly sweeping curves, 
the convex summits passing into concave and graded slopes 
which lead down to the bordering bluffs and flats of the valley 
floors. The latter are increasingly widened by lateral erosion ; 
meanders are characteristic, and alluvial plains become ex- 
tensive. In youth the flat surfaces of the landscape are those 
of the initial surface (apart from the lacustrine flats of infilled 
lakes), whereas in maturity the flat surfaces are the valley 
floors. Near the sea the divides between the flood plains of 
neighbouring rivers may be completely worn down to plains 
(^bedrock manded with rock-waste. Here chemical weather- 
ing becomes dominant and deep soils develop. The flood 
plains gradually coalesce and extend inland at the expense of 
the wasting divides. In this region old agt has already begun. 

There are no distinedve features in terms of which the. 
the close of maturity can be clearly defined, but old age is 
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generally considered to have set in when the valley floors 
reach a width several times that of the meander-belt. The 
widening of the valley floors by lateral erosion, and the lowering 
of the divides by chemical weathering and surface creep, con- 
tinue as before, but ever more slowly as base-level is approached 
over a wider and wider area. The process may become almost 
infinitely slow, but so long as streams can carry a load, even 
if it be mainly in solution, the reduction of the land towards 
base-level proceeds indefinitely. The uplands of youth and 
the maze of slopes of maturity are replaced in old age by wide- 
spread lowlands, rising gently inland. The region has become 
a peneplain. Over sedimentary rocks the relief is uniformly 
faint. But in geologically complex erogenic belts the pene- 
plain developed across their crystalline roots is rarely, if ever, 
brought to such perfection. The more stubborn rocks, such 
as the most resistant parts of granite stocks and batholiths, 
continue to stand out as occasional residual hills. Such 
erosional survivals are called monadnocks, after Mount Monad- 
nock in New Hampshire, which is a typical example of its class. 
In sedimentary regions penetrated by volcanic necks, the latter 
may long persist as monadnocks. 

For the perfect development of a peneplain it is essential 
that the area should not be uplifted. Few regions of the present 
lands have escaped recent earth movements, and present-day 
peneplains of considerable extent are therefore rare. Western 
Siberia and the country around Hudson Bay are noteworthy 
examples of peneplains, but even these have had their surfaces 
modified in detail by glaciation. 


The IsosTA-nc Response to Denudation 

The reduction of a region to a peneplain involves the re- 
moval of an immense load of material, the mass of which is 
proportional to the height of the initial surface. While the 
crust was bdlng thus unloaded by denudation, slow isostatic 
uplift must have been continuously in progress, thereby giAdng 
the rivers more work to do and delaying its comjfietion. This 
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effect has so far been tacitly ignored for the sake of simplicity 
of treatment, but it should not be overlooked. 

Let us suppose that a thickness of 1,000 feet of rock having 
an average density of 2- 6 has been removed from a region while 
isostatic equilibrium is maintained and no independent earth 
movement occurs. The mass lost is proportional to 2'6 x 1,000, 
and this must be made good by the inflow at depth of a thick- 
ness h of material with a density of about 3-4. The condition 
for the maintenance of isostasy is that 3*4A= 2,600 feet; whence 
A =765 feet. This influx of sima raises the plane (Fig. 96) 
to A'B', and the new surface is only 235 feet below the original 
level of the denuded block of country. For the development of 



Fig. 96 


Isostadc response to denudation : uplift of 
plateau 



Fig. 97 


Isostatic response to denudation : uplift of 
mountain peaks 

a peneplain from an initial surface which stood 1,000 feet 
higher, the thickness of rock to be removed is not 1,000 feet, 
but about four times as much. 

Such uplifr must be considered a normal accompaniment 
of a cycle of erosion. It involves the curious effect that during 
late youth and early maturity the summits of peaks and divides 
become elevated above the initial surface. This is illustrated by 
Fig. 97. When the cross-sectionaL areas of valleys and divides 
are equal, half the mass of the denuded block has been removed. 
The plane CD will by then have been raised to C'D', i.e. by 
765/2 feet, assuming the summits to be 1,000-feet above the 
valley floors. The bearing of this remarkable result on the 
high altitudes of the Himalayan peaks is referred to on page 201. 
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Crown Copyright Reserved] [HM. GeoL Survey 

Fig. 98 

The sky-line of the Grampians (the Mamore Forest), looking S. from Ben Nevis. 
An example of an uplifled peneplain, now deeply dissected 


Uplifted Peneplains 

The isostatic uplift that accompanies denudation is, of 
course, not competent to uplift a peneplain once it is formed. 
It has merely delayed peneplanation. The uplifts referred to 
here and in later sections are those due to independent earth 
movements. 

Peneplains representing the practically completed cycles of 
former periods, but since uplifted to form the initial surfaces 
of later or present-day cycles, can be detected in many land- 
scapes. In the Grampian ESghlands an old peneplain, now 
dissected into a landscape of late youth or early maturity 
(though modified by glaciation), is easily recc^;nised by the 
even skyline corresponding to a widespread uniformity of 
summit levels at about 2,000 feet (Fig. 98). The occasional 
higher peaks which rise above this “ summit plane ” represent 
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the monadnocks of the old peneplain. A similarly dissected 
uplifted peneplain is represented in Wales by a summit plane 
at 1,500 to 2,000 feet. These old peneplains are distinguishable 
from uplifted coastal plains by the fact that they truncate a 
great variety of orogenic structures. 

A marked tendency to rise at intervals has controlled the 
geological history of the interior of Africa for many hundreds 
of millions of years. Several cycles of erosion are (recorded by 
enormous thicknesses of continental sediments and by uplifted 
peneplains now represented by plateaus surmountea by monad- 
nocks of the inselberg type (page 274). \ 

A peneplain approaching completion during ttijc Miocene 
was uplifted, warped, and rift-faulted at the close of thi Miocene, 
and again at the end of the Tertiaryi to form the great plateau 
of Tanganyika and adjoining territories (page 431). It now 
stands at a height of 3,000 to 6,000 feet, and inselbergs which 
rise from its surface are the residual hills from an earlier pene- 
plain uplifted during the Jurassic. The faulted borders and 
some of the rift valley scarps are deeply notched l?y gorges 
and canyons with waterfalls at their heads. The Kalambo 
Falls, the most celebrated example, came into existence on 
the eastern fault-scarp of the Tanganyika rift. They have now 
cut back three miles from the lake, and there the placid stream 
above the head of the gorge suddenly takes a single leap of 
706 feet over the brink (Fig. 99). 

Farther south the interior plateaus of the Basuto Highlands 
and the High Veld behind Natal were formed by the uplift 
of a Cretaceous peneplain during late Cretaceous and Tertiary 
times. These movements were accompanied by depressions 
of the coastal area. An enormous escarpment has since been 
worn back into the plateau country, which reaches a height 
of 12,000 feet in the basalt-capped Drakensberg of Natal 
(Plate 87a). On the plateau side-of the escarpment the head- 
waters of the Vaal and Orange Rivers begin their long journey 
to the Atlantic, while the shorter rivers of Natal begin as mere 
trickles which descend the escarpment. Not far from its source 
the Tugda River plunges over the brink of a precipitous 
amphitheatre in the escarpment. Five clear leaps with inter- 
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Fio. 99 

The Kalunbo Falls, east of Lake Tanganyika, 


[Co^. ]. Brown 
Northern Rhodesia 


vening cascades make up a total drop of 2,810 feet. The 
Tugda Falls, though of insignificant volume, are probably the 
highest in the world. The Great Escarpment, as it is c^ed, 
can be traced aU round South Afiica. It everywhere faces 
the marginal lowlands and marks the edge of the plateaus of 
the interior. 
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Interruptions in the Cycle of Erosion 

At any stage in an uncompleted cycle the normal sequence 
of changes may be interrupted by earth movements of uplift 
or subsidence (often accompanied by faulting), by volcanic 
action, or by changes of climate leading to glaciation, in- 
creased rainfall, or aridity. The distinctive landsckpe features 
developed under glacial and desert conditions are Idescribed in 
later chapters. It should be noticed, however, that glaciation 
is complicated by associated effects due to (a) abstraction of 
water from the sea to form ice-sheets and its Subsequent 
restoration when the ice melts away, with corr^ponding 
changes in sea level and consequently in base level ; and 
isostatic depression due to the loading of an area by an ice- 
sheet, followed by uplift when the ice-sheet retreats and dis- 
appears. 

Volcanic activity may introduce local accidents, such as 
the obstruction of a valley by a lava flow. Youthfuj features 
are then temporarily restored while the river is regrading 
its course through the obstacle. On a larger scale whole land- 
scapes may be buried beneath a thick cover of plateau basalts, 
in which case a new cycle then begins on the volcanic surface. 

If a region is dqiressed by earth movements, its surface is 
brought nearer to base level, the work to be done by erosion is 
diminished, and the stages of the cycle then in progress are 
passed through more quickly. When a depression is localised 
across the course of a river a lake is formed (see page 432). 
When coastal regions subside — ^unless sedimentation keeps 
pace, as in subsiding deltas — ^the sea occupies the lower reaches 
of valleys and estuaries are formed. Tributaries which entered 
the valley before it was drowned now flow directly into the 
tidal waters of the estuary and“become dismembered streams. 
Rivers like the Thames and Humber are sufiBdently powerful 
to keep thdr channels open. The sluggish rivers of old age, 
however, may be unable to prevent the growth of obstructive 
bars and spits across their estuaries, and the latter then become 
silted up. The Broads East Anglia occupy the site of a 
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former estuary which has already been lai^ely obliterated in 
this way. The rivers now flow between levee-like embank- 
ments of sediment deposited along their sides, and thus they 
have become separated, except for local channels, from the 
shallow waters of the intervening broads. 

The remaining sections of this chapter are devoted to out- 
standing features, such as river terraces, incised meanders, and 
canyons, developed by rivers in response to uplifts which are 
rapid compared with the slow secular uplift involved in the 
maintenance of isostasy. As a river is raised further above its 
base level, the work to be done by erosion is increased, and the 
river is obliged to begin afresh the task of grading its course. 
The river has been rejuvenated and, as a further consequence, 
the landscape is correspondingly revived. The change begins 
where the gradient is steepened, with the restoration of youth- 
ful features such as rapids, and gradually works upstream. 
The newly deepened part of the valley is sunk as a gorge or 
naiTow V in the wider V or trough-shaped floor of the pre- 
existing valley. The cross-profile shows a marked change of 
slope where the earlier valley form is intersected by the new. 
Above the point to which the new features have receded — 
conunonly marked by a step or “ knick ” in the long-profile — 
the river and its valley retain their former characteristics. 
The knick-point is most marked when the uplift has been even ; 
it may not be developed if the elevation was brought about by 
gentle tilting. 


River Terraces 

When a river that has already established a flood-plain is 
rejuvenated, it cuts through its own deposits into the under- 
lying rocks. The sides of the original alluvial plain are then 
left as flat terraces above the new level of the river. In the 
course of time the new vaUey is widened and a second flood- 
plain forms within the first one, of which only local remnants 
may survive. By subsequent uplift and rejuvenation a second 
pair of terraces may then be left on the valley side. The sides 
of many of the lowland valleys of Britain (Plate 43A) and 
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Western Europe— and indeed in many other parts of the 
world — are bordered by a series of such river terraces, each 
corresponding to a phase of valley widening and deposition, 
following one of uplift (relative to sea level), rejuvenation, and 
valley deepening. A typical terrace is a platform of bedrock 
thickly veneered with a sheet of river>gravel and sand passing 
upwards into finer alluvium. 

As illustrated in Fig. 100, the Thames has thdee terraces : 
(1) The High or Boyn Hill Terrace, named after a locality near 
Maidenhead, where it is well preserved. The gravels, mostly 
composed of flint, contain the fossil remains of extinct species 
of elephant, hippopotamus, and rhinoceros. Tne cUmate 
indicated was warm and genial. Man had already appeared, 
as palaeolithic flint implements are also found. (2) The Middle 
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Fig. 100 

Section across liondon to show the paired alluvial terraces of the River Thames 
{After H,M, GeoL Surv^) 


or Taplow Terrace. Bones and skulls of lions and bears occur 
in the lower deposits, but nearer the siuface these are absent, 
and remains of the hairy mammoth appear. The change 
points to the oncoming of the most recent phase of the ice-age. 
(3) The Low or Flood-plain Terrace. Here the mammoth is 
still found, accompauiied by reindeer amd elk. These fossils, 
as well as those of Arctic plants, indicate a thoroughly frigid 
climate. During continued uplift the Thames cut a gorge 
which was ultimately filled with gravel when a later subsidence 
brought the valley to near its present level. A boring into the 
gorge-gravels at Charing Gross failed to find bottom at 80 feet 
below the river. Highly polished neolithic implements occur 
in the deposits ovearlying the goige. Excavation of the London 
Docks has revealed the presence of three beds of peat containing 
relics of oak and beech. Above the oldest of these fossil forests 
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GORGE OF THE WEAR AT DURHAM 


the first signs of the Bronze Age appear. And so we reach the 
“ made ground ” of historical times, and the alluvial meadows 
and marshes of the present day. 

Incised Meanders and Gorges 

If, at the time of rejuvenation, a stream was meandering 
on a valley floor underlain by resistant bedrock, with only a 
thin cover of easily eroded mantle deposits, if any, the deepen- 
ing channel is etched into the underlying rocks, while the 
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And section diowing the incised meonder of the River Wear at Ourham 
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original winding course is still preserved. In this way incised 
or entrenched meanders are produced. The " hair-pin gorge ” 
of the Wear at Durham is a familiar British example (Fig. 101). 
A well-protected site within the loop was selected for the 
cathedral, which is thus enclosed by the gorge on three sides. 
The fourth and easily vulnerable side was safeguarded by 
building a castle there. 

The change of form of incised meanders, and t|he wearing 
back of the confining walls are relatively slow processes con- 
trolled by lateral undercutting of the river banks. \ Localised 



Fig. 102 

To illustrate the origin of Rainbow Bridge, Utah (see Plate 44b) 

undercutting on both sides of the narrow neck of a constricted 
loop sometimes leads to the formation of a natural bridge. 
On each side of the constriction a cave is worn, especially if 
the rocks at river level are weak. Eventually the two caves 
meet, and the stream then flows through the perforation. 
The stronger rocks of the roof remain for a time as an arch 
spanning the stream, and the loop-shaped gorge at the side 
is abandoned. In Utah, where recent uplift has made possible 
the development of many deeply incised meanders (Plate 44a), 
there are several examples of such arches. The most impres- 
sive of these is Rainbow Bridge (Plate 44b and Fig. 102), a 
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ORAKD C3ANYON OF THE COLORADO 


graceful arch of sandstone which rises 309 feet over Bridge 
Greek in a span of 278 feet. 

Bridge Creek is a tributary of the Colorado River, and is 
thus related to one of the world’s most awe-inspiring scenic 
wonders— the Grand Canyon of the Colorado (Plate 1). 
Towards the end of Tertiary times the region which is now the 
high plateau of northern Arizona and southern Utah had been 
reduced to a land of old age topography traversed by a valley, 
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Grand Canyon of the Colorado 


[17.S. Geol. Survey 


50 miles wide or more, margined by mesas and buttes on the 
north and by lava plains and cones on the south. A late 
Tertiary uplift of 6,000 to 8,000 feet then rejuvenated the old 
river, and the cutting of the Grand Canyon began. From 
the Rocky Mountains of Colorado in the east the river receives 
sufficient water to carry it successfully through hundreds of 
miles of desert country. 

The Canyon has now reached a maximum depth of 6,250 
feet, but downward erosion by the heavily laden river is still 
actively in progress. A narrow itmer gorge has been cut 
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through a thousand feet of crystalline rocks (Fig. 70). The 
walls above, carved through a nearly flat Palaeozoic cover oi 
strong sandstones and limestones alternating with weak shales, 
rise by a succession of steps and slopes of varied colours which 
add to the architectural grandeur of the scene. As a result 
of this differential erosion under arid conditions the width of 
the Canyon from rim to rim is now 6 to 16 miles. . During the 
recession of the walls bold spurs between the benc^ have been 
carved into pyramids and isolated pillars (Fig. \l03). The 
plateau is trenched by several tributary canyons, but otherwise 
the general surface is but little dissected. The pipent cycle 
is still in the stage of early youth (see Plate 84b). \ 


Antecedent Drainage of the Himalayas 

During the uplifr of a great mountain range it may happen 
that a river which was already flowing across the site of the 
future mountains continues to deepen its valley while the 
uplift is in progress, so that it becomes permanently entrenched 
in the rising landscape. A continuously rejuvenated river 
which thus succeeds in maintaining the slope of its channel 
from a source behind the mountains to the plains in front is 
called an antecedent river, to express the fact that the river was 
in existence before the mountains which have risen across its 
course. 

By far the most remarkable examples of antecedent rivers 
are those which cross the Himalayas. The watershed is not 
along or near the highest peaks, as might have been expected, 
but well to the north in Tibet. From their upper courses on 
the plateau the Indus, Bramaputra, and many of the head- 
waters of the Ganges traverse the_ranges by way of deep gorges 
cut in the bottom of steep V-shaped valleys. As the Indus 
passes through Gilgit in Kashmir, the river itself is only 3,000 
feet above its delta, but the precipitous walls by which it is 
confined rise to heights of nearly 20,000 feet. Like a gigantic 
saw the river has cut through 17,000 feet of rock, keeping pace 
with a like amount of uplifr. 
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(B) View from the plateau at about 3,000 feet 
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UPLIFT OF THE HIMALAYAS 


The River Arun, a tributary of the Ganges, rises in Tibet 
at a height of 22,000 feet, and passes through a stupendous 
gorge between Everest (29,140 feet) and Kangchenjunga 
(28,146 feet), the rocks of which were originally continuous. 
It could not have done this with the mountains at their present 
heights. The erosion has been persistently downwards rather 
than headwards, and there are no important waterfalls. 
Wager, who has made a special study of the Mt. Everest region, 
has suggested that the great peaks of the Himalayas owe much 
of their exceptional elevation to the additional effect of isostatic 
uplift of the kind discussed on page 190. Instead of a 1,000-foot 
block carved into hills and valleys, we have here a 16,000-foot 
block, and the corresponding isostatic uplift would therefore 
be more than 6,000 feet. Denudation of the Himalayas has 
led to the apparently paradoxical result of raising the moun- 
tains. 


Alluvial Fans and Cones 

Many youthful mountain ranges, block mountains, and 
plateaus descend steeply to the neighbouring lowlands ; 
generally, but not in all cases, because they are bounded by 
eroded fault-scarps. Where a heavily laden stream, flowing 
swiftly through a ravine or canyon, emerges at the base of 
such a slope, its velocity is suddenly checked by the abrupt 
change of gradient and a" large part of its load of sediment is 
therefore dropped. The obstructed stream — ^as in delta 
formation — divides into branching distributaries, and the heap 
of debris spreads out as an alluvial fan. If the circumstances are 
such — arid or semi-arid conditions are specially favourable — 
that most of the water sinks into the porous deposit, practically 
the whole of the load is dropped and the structure rapidly gains 
height and becomes an alluvial cone. There are, of course, all 
gradations from steep-sided cones of coarse debris, through 
fans of moderate inclination, to widespread sloping sheets 
of fine alluvium. Where closely spaced streams discharge from 
a moimtainous area across a piedmont (a mountain-fbot low- 
land), their deposits coalesce to form a piednumt aUuvial plaift. 
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All these features are well displayed in Western America : 
along the eastern base of the Rockies, where the Front Range 
faces the Great Plains ; along the eastern edge of the Sierra 
Nevada, where the eroded fault scarp slopes down to the 
Great Basin ; and in many other similar situations on the 
flanks of the block mountains of the Great Basin (Fig. 104). 



Fig. 104 

Alluvial cones at the mouths of canyons in southern Utah 
{After U,S. Geol. Survey) 

Himalayas and the Andes. A familiar Alpine example of an 
alluvial fan of gentle slope is the one between Lake Thun 
and Lake Brienz on which Interlaken is built. Here a stream 
coming down from the Jungfrau has built a fan across what 
was originally a single lake, so dividing it into two. In aU 
the localities mentioned above there are many examples of 
river deflection due to the growth across the channel of alluvial 
fans deposited by tributaries. 
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Chapter XII 


GLACIERS AND GLACIATION 
Snow Fields and the Maintenance of Glaciers 

Glaciers are masses of ice which, under the influence of 
gravity, flow out from the snow fields where thw originate. 
Permanent snow fieldsoccur in every continent except Australia. 
The level up to which the snow melts in summer, i.6, the lower 
edge of a permanent snow field (if present), is called the snow 
line. Its height varies with latitude from sea level in the polar 
regions to 2,000 feet in S. Greenland and S. Chile, 6,000 feet 
in S. Norway and S. Alaska, 9,000 feet in the Alps, 13,000 - 
16,000 feet in the Himalayas, and 17,000-18,000 feet on the 
high equatorial peaks of Africa (Plate 45) and the Andes. 
It is of interest to notice that the higher summits of the Scottish 
Highlands, e.g. Ben Nevis, just fail to reach the levd of the 
snow line as it would be in Scotland. 

Low temperature alone is not sufficient to ensure the growth 
of a snow field. Although northern Siberia includes one of 
the coldest regions of the globe, and has permanently frozen 
soils from Novaya Zemlya to Bering Strait, it is kept free fix>m 
perpetual snow because the scanty winter falls are quickly dis* 
sipated in the spring. Snow fields are formed and maintained 
where the winter snowfall is so heavy that summer melting 
and evaporation fail to remove it all. Snow may also be swept 
away by the wind, or lost from steep slopes by avalanching. 
The most favourable situations are therefore gentle slopes and 
hollows, shaded from the sun and sheltered from the wind. A 
balance of the snowfall is then left over to accumulate frxim 
year to year, and the snow field grows in depth and surface 
area until pressure on the ice which is formed in depth is 
suflident to start its outward flowage as a glacier. 

The loose feathery snow that first gathers in the collecting 
grounds gradually passes into a closely packed form — ^the nivi 
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VALLEY GLACIERS 


of the Alpine snow banks — ^retaining a white colour because 
of the presence of entangled air. As the snow crystals are 
buried and compacted, the air between them is squeezed out, 
water from melting snow seeps in and freezes, and so the 
deeper layers are transformed into compact, but still porous 
ice. The clear blue bands often seen in the exposed flanks of 
glaciers differ from the opaque white ice in being free from 
bubbles of airy Glacier ice in bulk is a granular aggregate of 
interlocking grains, each grain being an individual crystal of ice. 

Glaciers originating in valley heads creep slowly down- 
wards as tongue-like streams of ice, flowage being maintain ed 
by the yearly replenishment of the neve fields. Ultimatdy 
the glaciers d\mdle away by melting and evaporation, their 
fix)nts or snouts reaching a position— which may be thousands of 
feet below the snow line— where the forward movement of the 
ice is just balanced by the wastage.^ In response to seasons of 
heavy snowfall whereby the supply is increased, or of low 
temperature whereby the wastage is reduced, the glacier 
extends farther down the valley, and the snout then becomes 
steep. Conversely, in response to a falling off in the rate of 
supply or to an increased rate of wastage the snout tapers (as 
seen in Plates 6b and 48) and recedes up the valley. During 
the present century the fronts of many glaciers are known to 
have retreated, though previously they had been slowly 
advancing for many years. 

The capacity of powerful valley glaciers to reach low 
levels before they melt away is due not only to the immense 
supplies of ice which are drained from the uplands, but also 
to the fact that the area exposed to wastage is small compared 
with the volume of the ice. Because the glacier is very viscous, 
and therefore moves extremely slowly, it occupies its valley 
to a very great depth. To drain a given area the cross section 
of a glacier has to be enormously greater than that of the 
corresponding river, and in accordance with this comparison 
the streams that sufiice to carry off the summer melt-water 
from the snout of a glacier always appear small and insignificant 
(Plate 48). 

When glaciers overflow the land and terminate in sea* 
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water sufficiently deep to allow the ice to float, huge masses 
break away from the front and become icebergs. Theoretically 
about nine-tenths of an iceberg would be submerged if it were 
made of pure ice. The actual proportion, however, is subject 
to variation according to the proportion of entangled air and 
the load of rock debris present in the ice. Some of the vast 
tabular icebergs liberated from the front of the ^tarctic ice 
float with as much as one sixth of their total height above 
the sea. \ 


Types of Glaciers \ 

\ 

Glaciers fall naturally into three main classes : 

(a) Ice sheets and ke caps that ovenpread continental or 
plateau regions of supply, where the snow line is low, creeping 
with a slow massive movement towards the margins. 

(A) Mountain or vall^ glaciers occupying the pre-existing 
valleys of mountain ranges that rise above the snow, line. 

(c) Pkdmont glaciers, consisting of sheets of ice formed by 
the coalescence of several valley glaciers which have spread 
out below the snow line — ^like lakes of ice — over a lowland area 
of wastage. Certain gradational and subsidiary types also 
occur, and are referred to below. 

Greenland and Antarctica provide the only examples of 
continental ke sheets that still exist. There is, however, over- 
whelming evidence that 25,000 to 30,000 years ago immense 
ice-sheets of similar character covered half of North America 
and most of north-western Europe. The Greenland ice-sheet, 
about half a million square miles in extent, is largely enclosed 
within a mountainous rim. Near the middle of the sheet 
the ice has been shown by seismic methods (page 371) to be 
over 8,000 feet thick, indicating that the elevation of the actual 
rock floor is only about 1,600 feet. Towards the edge the 
higher peaks and ridges of the mountains project through the 
ice as nunataks. The ice itself overflows throu^ passes in the 
mountain zone and feeds the valley glaciers of the valleys 
leading down to the coast. 
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THE ANTARCTIC ICE SHEET 



Fig. 105 

Map of Antarctica 


The ice sheet of Antarctica, seven times as extensive as that 
of Greenland, forms a great plateau rising to over 9,000 feet 
(Fig. 106). Except in a few localities of fringing mountains, 
where there are marg inal glaciers and a coastal strip, the ice 
sheet overruns the coast and spreads over the ocean as vast 
floating masses of shelf ice. The best known of these is the 
Great Ross Barrier, which terminates in sheer ciifis of floating 
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A view of the Malaspina Glacier with snow-clad mountains of Alaska in the 

background 

ice rising 100 to 160 feet above the Ross Sea. The Barrier ice 
is worn away by submarine thawing, marine erosion, and the 
breaking off of gigantic tabular icebergs. Wastage is slowly 
overtaking supply, for the high walls of the Barrier have 
receded many miles to the south since Ross first discovered 
them in 1841. 

Smaller ice-sheets, distinguished as plateau glaciers or ice capSy 
cover large areas in Iceland and Spitsbergen, from which they 
emerge though marginal depressions as blunt lobes or large 
valley glaciers. The tips of the underlying mountains project 
from certain less continuous caps of highleuid ice. Where the 
supply of ice is rather less, these pass into a network of con- 
nected glacier systems, the ice of each valley system over- 
flowing the cols into neighbouring valleys and smothering all 
the lower divides. Such gradational types, well represented in 
SfHtsbergen, lead to the more familiar valley glaciers. 

Trunk glaciers and the tributary valley glaciers feeding 
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OLACaERS AND THEIR MOVEMENT 


into them occupy the upper parts or the whole of the valley 
system of a single drainage area (Plate 46). Smaller valley 
glaciers, with few tributaries or none, are confined to single 
valleys. Valley glaciers — apart from those draining ice- 
sheets and caps— -characteristically originate in deep arm- 
chair-shaped hollows, called comes or cirques, situated at the 
valley heads (see Plate 47). Small isolated glaciers occupying 
h anging valleys (page 221) or subsidiary corries perched high 
on the side of a deeper valley are referred to as hanging glaciers 
(tongue-shaped) or come glaciers (horseshoe-shaped). 

Where a glacier passes from a restricted channel to a more 
open lowland, it fans out into an expanded foot, and where 
several neighbouring glaciers so emerge a piedmont glacier 
results. The outstanding example of the latter type is the great 
Malaspina Glacier of Alaska (Fig. 106). Maintained by the 
confluence of the glaciers from Mt. St. Elias and the neigh- 
bourhood of the Canadian frontier, it has an area of about 
1,600 square miles, and locally reaches the sea. As a result of 
surface melting, much of the outer margin is thickly covered 
with morainic debris and soil which here and there support 
dense forests of pine. 


The Movement of Glaciers 

Were it not for the fact that ice in bulk can flow, the world 
would now present a very different appearance. Practically all 
the water of the oceans would be locked up in gigantic circum- 
polar ice fields of enormous thickness. The lands of the tropical 
belts would be deserts of sand and rock, and the ocean floors 
vast plains of salt. Life would survive only around the margins 
of the ice fields and in rare oases fed by juvenile water. 

The most rapidly moving glaciers are those of Greenland, 
some of which advance as much as 60 feet a day in the summer. 
In general, however, a few feet a day is a more characteristic 
rate. The Mer de Glace (Plate 46a) barely «ceeds two feet 
a day , and the Beardmore Glacier of Antarctica, the greatest 
in the world, moves at less than three feet a day. 
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By observing the changes in position of lines of stakes driven 
into the ice it is found that|the middle of a glacier moves more 
rapidly than the sides, and that there is a similar decrease in 
vdocity near the floor. The rate of flow increases with the 
steepness of the slope, with the thickness and temperature of 
the ice, and with constriction of the valley sides. Movement is 
retarded by the presence in the ice of a heavy lohd of debris 
and by fliction against the rocky channel.) These facts suggest 
that the flowage of glaciers — a remarkable phenomenon that 
calls for a brief explanation — ^is controlled mainlv by stress 
differences and temperature. \ 

The liberation of molecules of water from ice by a rise of 
temperature is a familiar process. It is also well known that 
uniform pressure lowers the melting point of ice, and thus 
stimulates its transformation into water. More important, 
however, is the fact that non-uniform pressure or stress is 
many times more effective in liberating molecules of water 
fi'om rigid grains of ice. The mechanism of skating provides 
the key to the problem of glacier flow. A skater really glides 
in a narrow groove of water formed momentarily under the 
intense stress applied to the ice by the thin blades of his skates. 
As he passes, the water immediately freezes again. 

The interlocking crystd grains within a sloping mass of 
ice are subjected to stresses which vary from point to point, 
and wherever the strain is most severe, mobile molecules and 
microscopic films of water are liberated. These act as a lubri- 
cant and facilitate minute movements of the grains among 
themselves. As one grain is pressed against another water 
diffuses along intergranular boundaries into places of lower 
stress, and there freezes on to the grains with which it is in 
contact. Slipping along fracture planes in individual grains 
also contributes to the movementr Since the pressure gradient 
is down the valley, there is a constant migration of material 
from grain to grain in that direction. The whole mass thus 
flows by a process of re-crystallization which is closely akin to 
that involved in the metamorphism of ordinary rocks. The 
agents of metamorphism are high temperature, stress differ- 
ences, and migrating fluids. In the interior of a glacier the 
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temperattire is already very “high” in the sense that the 
ice is near its melting point ; stress is provided by the wdght of 
overlying and upstream ice ; and the migrating fluid is water. 

A glacier has an outer crust of ice, averaging perhaps about 
200 feet in thickness, in which the stress differences are in- 
sufficient to promote flowage. This rigid crust is carried along, 
and fiiction against the sides and floor is also overcome, by 
the movement of the deeper parts. Where the movement is 
retarded or stopped by a load of debris, as often happens 
near the snout of a glacier, the stagnant ice is over-ridden by 
clean, mobile ice along well-marked thrust planes. 


Surface Features of Glaciers 

Crevasses . — ^Within limits controlled by the processes of ice 
flowage a glacier can accommodate itself to its channel. Where 
the ice passes through a constriction in a valley it thickens, and 
the rigid crust is thrown by lateral compression into wave-like 
pressure-ridges. On the other hand, where the valley opens out, 
or where a glacier passes over a declivity or round a bend, or 
fans out into an expanded foot, the ice is stretched and cracked 
into a series of deep gaping crevasses. These may be hidden by 
snow bridges, and the treacherous surface then becomes very 
dangerous to cross. 

Transverse crevasses develop across a glacier wherever there 
is a marked steepening of the slope of its floor (Fig 108). 
Longitudinal crevasses, roughly parallel to the direction of 
flowage, are formed wherever ice is obliged to spread out. 
Marginal crevasses (Plate 47), pointing upstream from the 
sides of the glacier, develop as shown in Fig. 107. Because of 
the higher velocity towards the middle, a line AB is later ex- 
tended to A! B', and the resulting tension cracks the ice at 
right angles to A' B'. ^When two or more sets of crevasses 
intersect, the surface of the glacier is tom into a broken mass 
jigged ice pinnacles known as seracs^ Near the top of the 
n^v^ fidd of a conie a very wide and deep crevasse, called the 
bergsckrund, opens in summer where the head of the glacier 
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Fig. 107 


Diagram to show the development of marginal crevasses a result 
of differential ice flowage 

pulls away from the ice and snow adhering to the\precipitous 
walls (Fig. 108). It often happens that several such fissures 
are formed instead of an especially large one (Fig. 109). 

Moraines . — Rock fragments liberated from the steep slopes 
above a glacier, mainly by frost shattering, tumble down on 
the ice and are carried away. Thus the sides of a glacier 
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Schematic section through a corrie occupied by the head of a glacier^ showing 
the beigschrund near the top and transverse crevasses above the threshold 
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cc cave and source of the Rhone, snout of the Rhdne Glacier, near Gletech, 

Switzerland 
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(B) Roche moutonnh of schist with evidence of plucking in front, Glen Nevis, 

Inverness-shire 




TYPES OF MORAINES 


become streaked with long ribbons of debris described as 
lateral moraines. When two glaciers from adjacent vaUeys 
coalesce, the inner moraines of each unite and form a medial 
moraine on the surface of the united glacier (Plate 46b). A trunk 
glacier fed by many tributaries may thus come to be ridged 
with a series of me^al moraines composed of materials from 
different parts of the area of supply, thus providing samples 
of rocks that might otherwise be unobtainable. 

Sooner or later part of the debris is engulfed by or washed 
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Sketdi of bergschnmd crevasses in an ice-filled conie at the head of a glacier 
{From an aerial photograph of the Gelmerhorner, Switzerland) 

into crevasses. Material that is enclosed within the ice is re- 
ferred to as engladal moraine. A certain proportion reaches the 
sole of the glacier, and there, together with the material plucked 
or scraped from the rocky floor, it constitutes subglacial mordne. 

If the Iowa* part of the ice becomes so heavily charged with 
debris that it cannot transport it all, the excess is deposited as 
ground mordne, which is then over-ridden by the more active 
ice above. All the varied debris, ranging from angular blocks 
and boulders to the flnest ground-down rock flour, that finally 
arrives at the ter min us of the glacier is dumped down when 
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the ice melts. If the ice front remains stationary for several 
years an arcuate ridge is built up, called a terminal or end 
moraine. If, however, the snout is retreating summer after 
summer, no piling up of a ridge is possible. The load liberated 
from the receding front then forms an irregular sheet which 
rests on the ground moraine already deposited. 

Melting and Drainage . — ^Thin isolated slabs of ro^k or patches 
of debris on the surface may be sufficiently heated by the sun 
to melt the imderlying ice. Larger blocks, however, act as a 
protection from the sun’s rays, and as the surrounding ice 
melts away they are left as glacier tables perched or a column 
of ice. Even morainic ridges may stand out for a tii^e on thick 
walls of ice. 

In sunny weather small pools and rills diversify the surface, 
gathering into streams which mostly fall into crevasses. By 
a combination of melting and pot-hole action (aided by sand 
and boulders] deep cauldrons called glouier mills or moulins are 
worn through the fosured ice, and the water may escape to the 
snout through a tunnel. There, with melt-water draining down 
the tapering end, it begins to flow down the valley as a milky 
stream laden with fine particles (Plate 48). 

Glacial Erosion 

As we have seen, a glacier soon acquires a load of morainic 
matmal. Moreover, loose debris on the floor and sides is 
quickly dislodged and engulfed by actively advancing ice. 
Blocks from protuberances of jointed bedrocks are sheared off 
and withdrawn fkom the down-stream and unsupported side 
by a quarrying process referred to as plucking. The ice works 
its way into joints, bedding planes, and other fi:actures and 
closes round projecting masses With a firm grip, so that block 
after block is tom out of position and carried away. The 
ragged surface left behind is readily susceptible to further 
plucking, and the process continues until the obstruction is 
removed or the glacier wanes. 

, Thus, even pure ice, which by itself would be a very in- 
eflfective tool for eroding massive rocks, is sooner or later trans- 
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formed into a gigantic flexible file with embedded fr agmen ts 
of rock for teeth. Abrasion is the scraping and scratching of rock 
surfaces by debris frozen into the sole of a glacier or ice sheet. 
The larger fragments cut into and groove the floor and sides, 
and are themselves worn flat and striated. The finer materials 
act like sandpaper, smoothing and polishing the rock surfaces 
and producing more powdered rock, or rock Jhur, in the process. 

The rate of glacial erosion is extremely variable. Theoreti- 
cally, the rate of abrasion is approximately proportional to the 
cube of the velocity of the ice against its channel. Thus a 
powerful glacier in northern Greenland may be 30,000 times 
more effective than the sluggish glaciers of the Alps. A conti- 
nental ice sheet moves so slowly that it cannot be expected to 
do much more than remove the soil and smooth-off the minor 
irregularities of the buried landscape. In such a case the 
broader features of the pre-glacid relief are, on the whole, 
protected from denudation, though the surface is modified 
in detail into a characteristically hummocky form of knobs 
and hollows which reflect the varying resistances offered by 
the rocks to abrasion. But when the outflowing ice, or a 
valley glacier in a mountain district, is concentrated in a 
steeply descending valley, the erosive power reaches its maxi- 
mum, and the pre-glacial relief is strongly accentuated. 
Beyond the region of steep gradients and rapid movement the 
rate of erosion gradually falls ofiF and gives place to deposition 
as the ice becomes overloaded and reaches the zone of wastage. 
The three realms of supply, movement, and wastage are clearly 
seen in Plate 46b. 

The geological work accomplished by ice, including erosion 
and deposition and the resulting effects of these processes on 
the surface, is collectively known as glaciation. The sculpturing 
of the surface beneath existing glaciers can be studied directly 
only in a limited way, by exploring ice caves and descending 
crevasses. Much more can be learned by taking advantage of 
the fact that many glaciers have receded up their valleys in 
recent years. Throughout the historical period there have 
been periodic fluctuations in the volume and extent of glaciers, 
but without any indication of cumulative waxing or wamng. 
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Fig. 110 


[C. E, Wegmann 


Ice-moulded surface of roche mouUmnie type, Sitterskar, Soderskar Archipelago, 
south coast of Finland 


Thousands of years ago, however, the glaciers were enormously 
greater than their shrunken descendants of to-day. One of the 
earliest observers to suspect that glaciation was formerly far 
more extensive was de Saussure, the first scientific explorer 
of the Alps. In 1760 he noticed that miles below the snouts 
of the Alpine glaciers the rock surfaces were scratched and 
smoothed — in striking contrast with the frost-splintered peaks 
above — ^and strewn with morainic material exactly like that 
still being carried and deposited by the ice. He rightly con- 
clud.ed- that the glaciers had foimefly extended many miles 
beyond their then limits. But the “ glacial theory ” met 
with scant approval until after 1840, when the great naturalist 
Louis Agassiz awakened more general interest in the subject 
by the publication of his classic studies on the glaciation of the 
Alps. In later years Agassiz recognised that the similarly 
striated rock surfaces and morainic deposits of Scotland were 
also due to the former passage of ice. With a wealth of irre- 
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ROCHES MOUTONNiES 

sistible evidence he convinced the scientific world that such 
features could be accounted for in no other way. It is now 
familiar knowledge that the landscapes of vast areas of Europe 
and North America bear the unmistakable hall-marks of 
glaciation. Thus it happens that in many countries the char- 
acteristic effects of ice erosion and deposition, modified but 
little by subsequent weathering and river action, can be seen 
and studied close at hand. 

Among the evidences of erosion by continental and valley 
glaciers, striated surfaces (Plate 49a) and ice-moulded hum- 
mocks of the more resistant bedrocls (Fig. 110) are of wide- 
spread occurrence. (The residual hummocks vary widely in 
size, and have a characteristically stream-lined form which is 



Section across a typical roche rrmtonndey showing the effect of ice abrasion where 
the rock is sparsely jointed, and of plucking where jointing is well developed 


related to the direction of ice movement. The side up which 
the ice advanced rises as a smoothly abraded slope, while the 
lee side falls more steeply, sometimes as an abraded slope, but 
often by a step-like series of crags and ledges obviously due to 
the plucking out of joint blocks (Fig. Ill and Plate 49b). 
Seen from a distance the more isolated examples resemble 
sheep lying down, or wigs placed “ face ” downwards. They 
are, therefore, described as roches moutonnies^s. term first used 
by de Saussure in 1804 in reference to the sheep-skin wigs, 
styled moutonnSes, which were then in vogue. 

Highly resistant obstructions, such as old volcanic pli^, 
that lay in the path of the ice, like protruding knots in a plank 
of wood, are responsible for an erosional feature known as 
crag and tail (Fig. 112). The crag boldly faces the direction 
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from which the ice came, while the tdl (bedrock with or 
without a covering of boulder clay) is a gentle slope on the 
sheltered side, where the softer sediments were protected by 
the obstruction from the full rigour of ice erosion. A classic 
example is provided by the Castle Rock of Edinburgh, from 
the eastern side of which the High Street follows the sloping 
crest of the tail. The massive basalt plug diver^d the ice- 
flow, and deep channels, now occupied by Pripces Street 


Direction of 


CASUE ROCK 
Crai 


HIGH STREET 



I 

Colinton 

Fsiult 


Volcanic Plug • Upper 

of Basalt \ Old Red Sandstone 



Lower 

Carboniferous 


Fio. 112 

Crag and Tail, Edinburgh 


Gardens and the Grassmarket, were excavated in the sedi- 
ments on each side of the crag and tail feature. 

In mountainous and upland coastal regions with well 
developed valley systems the topographic modifications super- 
imposed on the landscape by glacial erosion include U-shaped 
valleys with truncated spurs and hanging tributary valleys ; 
conies or cirques surmoimted by sharp-edged ridges and 
pyramidal peaks ; and rock bcisins and fjords. Waterfalls 
descending the precipitous valley sides, and lakes occupying 
the overdeepened hollows of the valley floors, add variety to 
an assemblage of features that can be easily distinguished from 
those of imglaciated regions. „ 


Gorries and Associated Features 

It has been observed that chance hollows occupied by per- 
aistent snowbanks are steadily cut back and deepened by (a) 
disintegration of the marginal and imderlying rocks by frost 
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The Matterhorn, Switzerland Ltd., Keswick 




[F. N. Ashcrojt 

U-shaped glaciated valley. Val Giuf (tributary of the Upper Rhine) viewed 
from the slopes near the chalets of Milez, Switzerland. Granite of the Aar 


Massif in the middle distance 




DEVELOPMENT OF CORRIES 


and thaw, and (b) removal of the shattered debris by falling, 
avalanching, and transport by melt-water. By this process of 
snow-patch erosion or nivation the slopes above are undercut 
and the surrounding walls are kept steep as they recede 
(Fig. 113). The larger hollows grow more rapidly than the 
smaller ones, especially near and above the snow line, tmtil 
the mountain slopes and valley sides are festooned with deep 
snowfields, the largest of all being at the valley heads. Eventu- 
ally these nourish small glaciers which carry away the debris 
and begin more active excavation of the floor. Headward 
erosion of the walls continues, not only by frost sapping at the 
exposed edges of the snowfield, but also by a process of sub- 
glacial disintegration which comes into play whenever the 



Fio. 113 

Conies developed by snow rotting on the cliffs of Spitsbergen 


[F. Nansen 


bergschrund allows surface water to reach the rocks behind 
or beneath the ice. Draining into cracks and joints, the water 
freezes and breaks up the rocks until they are gripped by the 
ice, and carried away as ground moraine. Thus by the co- 
operation of several processes the great amphitheatres known 
as corries or cirques are eventually hollowed out (Figs. 108 
and 116). 

During the stage of most intense glaciation the floor of a 
growing corrie is subjected to especially vigorous scouring in 
consequence of the great thickness and high pressure of the ice 
and snow above it. A shallow rock basin may then be ex- 
cavated by the outflowing ice, to become the site of a mountain 
tarn or lake after the ice has disappeared (Plate 54b). Such 
lakes may also be held back by arcuate ridges of morainic 
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material left stranded by the waning ice during its final re- 
cession. 

Two adjoining conies may approach and intersect until 
only a sharp-edged dividing wall remains between them. The 
resulting precipitous ridge is known as an ar^. When the 
ice has gone the steep rocky slopes fall a ready prey to frost 
action, and soon become aproned with screes. Many an 
upland region has been eatoi into by corrie erojdon from 
several sides at once, and so reduced to a serieslof arfites 
radiating like a starfish firom a central summit. Snowdon and 
Helvellyn are good examples. (At a later stage tne aretes 
themselves are worn down, and the central mass, where the 
heads of three or more conies come together, remains\ isolated 
as a conspicuous pyramidal peak. In this way the Aoms of the 
Alps have been formed, the world-famous Matterhorn being 
the type example of its class (Plate 50). 


Modifications of Valleys by Glacial ERoabN 

By the passage of a vigorous glacier through a pre-existing 
river valley the mantle of rock-waste is removed, the over- 
lapping spurs are trimmed off and ground into facets, and the 
floor is worn down. The valley is thus widened and deepened, 
and is eventually remodelled into a U-shaped trough with a 
broad floor and steep sides and a notable freedom fitim bends 
of small radius (Plate 51). Flat floors are not imcommon, 
however, where the bottom of the trough has been levelled up 
by subsequent deposition of alluvium. Whole valley systems 
may have been completely overwhelmed by ice-sheets, but in 
less severely glaciat^ regions, where valleys have not been 
entirely filled by ice, the upper slopes may remain as high-level 
benches which meet the ice-steepSned walls in a prominent 
shoulder (Plate 51). The cross profile is like a U sunk in a V. 

Tributary valleys have their lower ends cut clean away 
as the spurs between them are ground back and truncated 
(Fig. 114). The floor of a trunk glacier, moreover, is deepened 
more effectively than that of a Weak lateral feeder. Thus, after 
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Fig. 114 

Block diagram illustrating some of the characteristic landscape features of glaciated 
valleys and mountains : U-shaped valley ; truncated spurs ; hanging tributary 
valleys ; corries^ ar^tes^ and horns. The summit of the hill on the right and the 
bench across the lower right-hand comer are depicted as they would be if they 
had remained unglaciated. {Mod^ed after W. M, Davis) 

a period of prolonged glaciation the side valleys are left hang- 
ing high up on the flanks of the main trough. The streams 
from such hanging vall^s plunge over their discordant lips in 
cascades or waterfalls, some of which are amongst the highest 
in the world. The Yosemite Valley in the Sierra Nevada of 
California is renowned for its impressive examples of these 
and other spectacular features due to glacial erosion (Plates 
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62 and 53). A remarkably similar glacial trough — ^the finest 
of its kind in Europe — ^is the Lauterbrunnen valley, with its 
celebrated Falls, between Interlaken and the Jungfi'au. 

Glacially excavated floors are deepened very imevenly, 
the effect at each point depending on the thickness and velocity 
of the ice and the nature and structure of the bedrocks. Poorly 
consolidated strata are scoured out more rapidly than resistant 
rocks, and tracts of well-jointed rocks are selectively quarried 
away by plucking. Thus, where the ice encounters a sequence 
of rocks of varied resistance the floor is excavated into a series 
of successive steps, often with abrupt descents from qne tread 



Fig. 116 

Longitudinal profile along the Yosemite Valley (see Fig. 184 for locality). 
A typical ** glacial stairway ” developed by selective ice erosion 
Length of section 36 miles 

to the next (Fig. 115). A comparable effect due to varying 
ice thickness is seen where a trunk glacier has been fed from 
a cluster of corrie glaciers aroimd the valley head. Below the 
confluence the suddenly increased erosive power is witnessed 
by a correspondingly sudden drop from the corrie mouths to 
the floor of the glacial trough (Fig. 116). “Trough-end” 
walls of ^ kind are magnificently developed at the heads of 
the Lauterbrunnen and Zermatt valleys. 

Thus it happens that the long profile of a glaciated valley 
may resemble a giant stairway. The treads may even be 
hollowed into basins with a barrier of resistant rock in front. 
Such rock basins are now occupied by lakes of various lengths 
and depths, or by tracts of alluvium representii^t the sites of 
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former lakes which were so shallow that they have since been 
silted up. Though referred to as “ basins,” these depressions 
are generally greatly elongated, and some of them have been 
excavated to depths well below sea level. It has been objected 
that the ice at the bottom of a basin could not flow out of it, 



Fio. 116 

Block diagram to illustrate the “ trough-end ” rock step at the head of a 
glaciated valley GkI by several confluent corries. {Modeled after W. M. Davies) 


that is, up the slope at the lower end. However, in the appro- 
priate circumstances, this objection is not well founded. Icc 
can move upslope provided that it has a means of exit, and is 
moving from a place of high pressure to a place of low pressure. 
The condition for flow is that the surface of the ice should have 
a downward gradient sufficiently steep to maintain the re- 

223 




GLACIERS AND GLACIATION 


quisite head of pressure. The following are examples of lakes 
which occupy conspicuously overdeepened basins and troughs. 

Lake Maximum depth Height of surface Masdmum depth rf floor 

(in feet) above sea level below sea level 

Lake District 


Windermere ♦ 

219 

128 

91 

Wastwater ♦ 

258 

200 

58 

Scotland 

Loch Goruisk, 

125 

25 

100 

(Plate 54a) 

Loch Lomond * 

653 

20 

633 

Loch Ness 

764 

53 

70i 

Loch Morar 

1,017 

30 

987\ 

Swiss-Italian Alps \ 

L. Maggiore 

1,220 

636 

584 \ 

L. Como 

1,345 

650 

695 \ 


* Morainic deposits on the terminal bedrock barrier add slightly to the depth 
of these lakes. See Fig. 118 for an example of such a double barrier. 

Fjords are greatly overdeepened glacial troughs that reach 
the coast below sea level, so that, instead of forming elongated 
lake basins, they have become long arms of the sea stretching 
inland between steep rocky walls. The terminal rock barrier 
(with or without a cover of moraine) occurs near the seaward 
entrance, and is usually submerged at a shallow depth. This 
is the threshold of the Qord. Along the west coast of Scotland 
gradations from the exposed barriers of the freshwater lochs 
to the submerged thresholds of the Qords (sea lochs) are well 
illustrated. The terminal rim of Loch Morar is within a very 
short distance of the sea, and is only 30 feet high. The thres- 
holds of Lochs Etive and Leven are lower, but Jire uncovered 
at low tide. Twenty-three of the remaining sea lochs have 
permanently submerged thresholds near their entrances. 

Fjords have been developed during the intense glaciation 
of dissected coastal plateaus and mountains of appropriate 
structure in countries such as Scotland, Norway, Greenland, 
Labrador, British Columbia, Alaska, Patagonia, and New 
Zealand. In plan (Fig. 117) they everywhere have a char- 
actaistic rectilinesw pattern which is clearly determined by 
the distribution of belts of structural weakness. The latter 
may be synclines of relatively weak sediments or schists 
endosed by massive crystalline rocks (as in the Sogne and Har- 
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Fig. 117 

Three examples of fjord coasts 

(A) Norway (B) Southern Chile (C) British Columbia and S.E. Alaska 
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danger Fjords of Norway), but more commonly they are 
fractured belts with closely spaced joints locally accompanied 
by faults and dykes. The pre-glacial rivers carved their valleys 
along these lines of least resistance. The valleys in turn 
confined the ice and guided its flow, and because the structure 
facilitated plucking, the valley floors were steadily deepened, 
often to an extraordinary degree. In some of the fjords of 
Norway and Patagonia the sea is over 4,000 feet deep. Neigh- 
bouring fjords, however, vary enormously in depth, un accord- 
ance with the varying resistance of the excavated rocks. The 
distribution of fjords is thus conditioned by {a) appropriate 
tectonic structures in upland regions near the sea,\(6) pre- 
existing valleys which followed these structures, and (c) heavy 
glaciation by seaward-moving ice of sufiicient thickness and 
surface slope to ensure that the main valleys were overdeepened 
up to or beyond the coast. 


Glacial Deposits 

As glaciers and ice sheets reach the zone of wastage beyond 
the region of active erosion they become overloaded and begin 
to drop thdr burden of debris. During the subsequent dis- 
appearance of the ice, in response to an amelioration of climate, 
the zone of deposition retreats with the receding ice front until 
the whole of the load has been deposited. The glacial deposits 
thus left stranded on the landscape and the gladofiumal sands 
and gravels transported and deposited by the associated melt- 
waters have long been grouped together under the general 
term drift. At one time the vast spreads of drift that indicate 
the former extent of the ice across Europe and North America 
were thought to be flood deposits,, and many attempts were 
made to assign them to the deluge of No^. Eventually, 
however, it was recognized that the commonest type of drift, 
the haphazard assemblage of material known as boulder clq)> 
or Hll, could not possibly have been deposited by water. 

Boulder clay has obviously been dumped down anyhow 
in a completely unsorted and unstratified condition (Elate SSa). 
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Its constituents range from the finest rock flour to stones of all 
sizes up to boulders that are occasionally of immense bulk. 
It usujdly consists of a varied assortment of stones embedded 
in a tenacious matrix of sand, day, and rock flom*. Most of 
the stones, like those of screes, are irregular fragments showing 
litde or no sign of wear or tear, but a few can generally be 
foimd which have been rubbed down and scratched and 
grooved, clearly by scraping along the rocky floor over which 
they were dragged by the ice. 

A characteristic feature of glaciated regions is the occurrence 
of scattered boulders of rocks that are foreign to the place where 
they have been dropped. These ice-transported blocks, 
carried far fi:om their parent outcrops, are called erratics. 
The largest ones commonly rest on abraded surfaces where the 
normal drift is thinly scattered or confined to hollows. Some 
have been stranded in exposed and precarious positions. 
Such perched blocks (Plate 65b) are striking monuments to the 
former passage of ice, and as such they were amongst the first 
evidences of glaciation to be recognized. In 1815 Playfair 
pointed out that “ a glacier . . . which conveys the rocks on its 
surface ... is the only agent we now see capable of transporting 
them to such a distance.” The long trails of erratic blocks of 
easily recognized rocks afford an unfailing guide to the direction 
of movement of the ice that carried them. Boulders of the 
well known Shap granite, for example, can be traced from 
their original home in Wwtmorland across the Pennines by 
way of the Stainmore Pass into the Vale of York. Ailsa Craig 
in the Firth of Clyde is an upstanding mass of finely speckled 
granitic rock which can be identified with certainty. Erratics 
of this rock, as isolated blocks and as stones embedded in 
boulder day, are found in Antrim, Galloway, and the Isle of 
Man, and on both sides of the Irish Sea as far as Wicklow and 
South Wales, and show that Ailsa Craig lay in the track of a 
great southward-travelling glacier. Familiar Norwegian rocks 
firom the Oslo district, such as rhomb-porphyry and larvikite 
(a shimmering blue syenite much used for shop fironts) occur 
as matics along the Durham and Yorkshire coasts, and prove 
that the S candinav ian ice sheet crossed the North Sea and at 
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times overran the British shores. At other times these rocks 
reached northern Grennany, showing that the directions of 
ice dispersal were not always the same. 

At or near the maximum extension of a glacier or ice sheet 
the front may have remained stationary or nearly so (forward 
movement being just balanced by wastage) sufficiently long 
for a ridge-like terminal moraine to be heaped up. Similar, but 
later, terminal moraines, sometimes distinguished ^ recessional 



[Planet News Ltd. 

Fio. 118 


Lake oa &e Dontouz-Orun Pass, Caucasus Mountains, occupying an ice<roded 
rock basin with a terminal moraine on the threshold 

moraines, mark the sites of halting stages during the shrinkage 
of the ice, and indicate that forward flow was maintained so 
that a steady supply of debris was brought up to the ice front. 
In certain lowland regions the ice appears to have farmed out 
and become stagnant. Such “ dead ” ice simply mdts away 
from the top and sides, and also froih the edgra of crevasses, 
and liberates its debris without forming termi^ moraines. 

The terminal and chief recesaonal moraines formed at 
suoxsnve stands of the European ice sheet are shown in Fig. 
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[H,M. Geol, Survey 

(B) Glacial erratic of Silurian grit resting on a plinth of Carboniferous 
Limestone, Norber, near Austwick, Yorkshire 


MORAINIC DAMS 


127. Similar features, traversing the coxmtry in broad loops to 
the south of the Great Lakes, mark the various pauses in the 
recession of the North American ice. The terminal moraines 
left by mountain glaciers cross their valleys as crescent-shaped 
ridges (concave upstream) which in some cases continue along 
the valley sides as less conspicuous lateral moraines (Fig. 118). 
Many of the lakes of glaciated valleys are held up by morainic 
dams, and there were formerly innumerable smaller ones that 



ALLUVIAL PLAIN f OF LOMBARDY^ 


•Fio. 119 

Map of the lateral and terminal morsdnes bordering the rock basin of Lake Garda 
at the foot of the Italian Alps 

have since been silted up or drained by a river gorge cut through 
the barrier. Lake Constance and Lake Garda (Fig. 119) are 
notable examples of lakes owing their existence to terminal 
moraines across the outer valleys of the Alps. Most of the 
larger lakes of the Lake District and many of the Scottish 
lochs have morainic dams. 

In the tracts between the moraines the spreads of boulder 
day naturally vary widdy in character and thickness from 
place to place. (In certain regions where the boulder day is 
thickly plastered over a floor of low relief it has been moulded 
m) 329 x 6 
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by the ice into swarms of whale-backed mounds called 
drtmlins. Being distributed more or less en ichelon the mounds 
give rise to what has been aptly described as “ basket of eggs ” 
topography (Fig. 1 20) . In the intervening depressions drainage 
is poor and confused, and is responsible for such features as 
ponds, marshes, and water-logged meadows. One of the most 
densely packed drumlin belts stretches across northern Ireland 
from Go. Down to Donegal Bay, and contains tens pf thousands 
of these stream-lined mounds (Fig. 121). \ 

Drumlins are commonly a quarter to half a mue long, but 
there is every gradation from low swells to enormous examples 
a mile or two in length and 100 to 200 feet high. mW of them 
are elongated in the direction of ice movement, and the end 
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** Basket of eggs ” topography. A typical drumlin landscape moulded by ice 
which moved from right to left 


facing upstream is characteristically blunt and steep compared 
with the tapering downstream end. The profile along the 
length is thus the reverse of that of a roche moutOTmie. The 
latter being a product of ice erosion, it is reasonable to suppose 
that drumlins would have had a similar form if they had 
been moulded by over-riding ice from boulder clay already 
deposited. Since they have not this form, it becomes probable 
that drumlins were fashioned fixim ground moraine that was 
being fiseshly deposited by ice injsvhich the capacity to erode, 
transport, and deposit was distributed in a curiously rhythmic 
pattern. 

It is generally accepted that drumlins were formed under 
deep ice at a distance of several miles from the front towards 
which it was advancing. There must have been variations 
in frie ice flow, possibly owing to such causes as (a) underiying 
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Fig. 121 


Map showing part of a drumlin tract m Ck>« Down 
' {After Jf. K. Charlesworth) 
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obstructions — some drumlins have cores of solid rock with 
boulder clay banked against them ; (b) longitudinal crevasses 
in the ice which localized places of deposition ; and (c) varia- 
tions in the load carried, the clearer and more vigorous ice 
flowing round the more heavily charged and sluggish ice. 
From the nature of the case, however, drumlins have never 
been seen in course of formation, and the exact /mechanisms 
involved are still far from being clearly understood. 


Glaciofluvial Deposits 

The drainage from the long front of an ice sheet escapes 
by way of an immense number of more or less temporary and 
constantly shifting streams. These carry off a great deal of 
sediment and, as the velocity is checked, low alluvial fans or 
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The characteristic assemblage of features seen on a recently glaciated area of 

low 

deltas are deposited, according as the ice terminates on land 
or in standing water. On land the fans spread out and coalesce 
into gently sloping outtmsh plains (Fig. 12^) of irregularly 
stratified drift, ranging from coarse gravels near the source 
to sand further out, and finally to day. Valley floors are 
choked with spreads of similar deposits ; mainly coarse, how- 
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Fig. 123 


[HM, GeoL Survey 


Kettle hole near Finstown, Orkney 


ever, because the finer materials are rapidly washed down- 
stream. 

Beyond the termin 2 d moraines of ice sheets, where the 
supply of debris is abundant, outwash plains may extend for 
many miles. Vast areas qf the North American prairies have 
been smoothly veneered with sediment in this way. Between 
successive moraines the outwash drifts rest on previously 
deposited boulder clay. (^Masses of stagnant ice, left stranded 
between deep crevasses as the main front melted back, are 
often surrounded and even buried by drift, and as they melt 
away they leave the surface pitted with depressions known as 
ketlie Aoles.") These are extremely irregular in shape and distri- 
bution, and many of them still contain lakes or ponds (Fig. 123). 

Such drift-covered regions are further diversified by mounds 
(kames)y long winding ridges {eskers. Fig. 124), and relatively 
short and straight ridges {crevasse infillings). All of these are 
built of crudely bedded gravel and sand, showing that diey 
are features for which glacial streams responsible. 
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Fio. 124 

Esker, Tolvajsurvi, Finland. The lake occupies the depressions in an irregular 
surface of glacioduvial sands and gravels 

Karnes are isolated or clustered mounds, each of which 
represents a steep-faced localized alluvial cone or delta built 
up by a stream emerging at a high level from an ice wall, or 
perhaps between two confining walls at the head of an embay- 
ment in the ice front. As the ice withdrew, the unsupported 
back or sides of the accumulation slumped down, leaving a 
mound with slopes corresponding to the angle of repose of 
gravel or sand. If such a stream, instead of being short and 
temporary, were long and persistent, then the deposit con- 
tinuously formed at its mouth would grow backwards as the 
ice retreated, thus extending into a winding ridge that would 
reproduce the course of the stream. Somt ' eshrs may have 
originated in this way. But such _a stream would also deposit 
sediment while flowing through its tunnel in the ice, thus 
gradually raising its floor. Most eskers are therefore regarded 
ai; tile infillings of the tunnels of unusually 1<^ sub-gladal 
^ifereams. In some cases, where later outwash drill has lapped 
^l^gainst them, it is obvious that they originated within the ice 
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before it receded. Eskers characteristically disregard die 
underlying topography, which they cross like long railway 
embankments, this form being assumed as a result of the 
inevitable slumping of the original sides. Their courses, 
though winding, are generally aligned more or less at right 
angles to the receding ice front. In glaciated lands riddled 
with lakes and marshes, like Finland and Sweden, eskers 
provide natural causeways across many districts where road 
and railway construction would otherwise be difficult. Ridges 
that differ from eskers in being short and straight arc inter- 
preted as the infillings of wide crevasses. They probably 
formed within large sheets of stagnant ice which melted away 
from the edges of the crevasses as well as firom their sides. 


Ice-dammed Marginal Lakes 

A glacier occupying a main valley may obstruct the mouth 
of a tributary valley and so impound the drainage and form 
a lake. The Maijelen See, held up in this way by the Aletsch 
Glacier (between the Jungfi'au and the Upper Rhone) is a 
small-scale example, and there are many others, large and 
small, in Norway, Iceland (Plate 66a), and Greenland. Where 
the ice barrier is sufficiently high and massive the lake rises to 
the col or pass at the head of its valley and escapes through 
an overflow channel into the valley on the other sid^e. During 
the degeneration of an ice sheet into valley glaciers, the 
higher ridges of a divide between two neighbouring valleys 
may be uncovered, while the ice still extends across the 
divide at a lower level. Melt-water th«i accumulates along 
the margin of the ice against the fianks of the hills, and if it 
overflows firom one side of the ridge to the other, a channel 
is cut in the ridge itself, which thus becomes notched. 
Notching by marginal overflow chaimels may be repeated 
again and again at successivdy lower levels while the ice 
is retreating. 

During the recession of the great Pleistocene ice sheets 
enormous numbers of ice-dammed lakes came into existence 
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{ef. Fig. 126), some of them being immemdy larger than any 
of the lakes of the present day. They formed wherever a 
drainage basin sloped down towards an obstructing ice dam. 
Some of these marginal lakes overflowed at successively lower 
levels before they eventually disappeared, each stand of the 
lake bemg determined by the height of the lowest outlet 
available at any given stage during the wasting away of the 
barrier. The features and deposits left behind by such lakes 
(thereby providing evidence of their former existence) include ; 
(a) overflow channels at the outlets, often erodeq into con- 



Fio. 126 

Map of the Parallel Roads of Glen Roy 

spicuous valleys and gorges (now dry) situated at the heads 
of the valleys from which the lake waters escaped, or across 
the ridges and spurs between neighbouring valleys ; {b) shore- 
line deposits and terraces, formed by the action of waves and 
currents ; (r) deltas deposited by streams flowing into the 
lake ; and {d) lake-floor sediments, including the vami sedi- 
ments to be described later. 

Tbe most celebrated shore terraces of this kind are the 
Parallel Roads of Glen Roy (Plate ^b). Th^ are beaches 
about M to 60 feet wide wliich follow the contours at the 
levds shown cm the map (Fig. 126). Ice extending Srom Ben 
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Nevis across the valleys to the north blocked the entrances 
to Glen Roy and Glen Gloy. The highest lake (1,166 feet), 
that of Glen Gloy, discharged across the watershed at A into 
the Glen Roy lake (1,149 feet) which overflowed into the 
river Spey at B. Later, an oudet into a tributary of Glen 
Spean was uncovered at C (1,065 feet), and the lake rapidly 
drained to the level so determined. This stage, during which 
the waters escaped over the eastward-sloping surface of the 
Glen Spean ice, lasted until further withdrawal of the ice 
allowed the lake to extend along Glen Spean, whence it over- 
flowed through D (857 feet), the outlet at its head. In due 
course the lobe of ice that blocked the lower part of the valley 



Fio. 126 

Diagram to show the isostatic depression of a land suriace loaded by a contmental 
ice sheet, and the consequent development of marginal lakes during the recession 
of the ice. Vertical scale and slopes greatly exaggerated 

dwindled away sufficiently to allow the lake to drain towards 
the sea (Loch Linnhe) and so, finally, to disappear. 

During the recession of the continental ice sheets of Europe 
and North America conditions were highly favourable to the 
development of widespread marginal lakes (Fig. 126). At 
the time of maximum extension of the ice the less mountainous 
parts of the underlying floor were depressed into a shallow 
bowl by the isostatic effect of the load of ice. The thickness 
of the ice was of the order 6,000 feet, tapering off towards the 
margins. The corresponding subsidence of the crust, where 
the load was greatest would therefore be about 1,600 feet ; 
sufficient, that is, to depress vast areas of the rock surface well 
below sea level. During the retreat of the ice the crust was 
gradually unloaded and isostatic recovery worked in firom the 
margins, though with a considerable lag. Consequently, for 
thousands of years there were large tracts, abandoned by the 
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ice, that sloped towards and beneath the receding ice front. 
Many of these became giant lakes, while others were invaded 
by the sea. The isostatic recovery already achieved since the 
disapp>earance of the ice is clearly demonstrated by the occur- 
rence of raised beaches at various heights and by the tilted 
attitude of many lake terraces. Moreover, the fact that the 
shores of Hudson Bay and the Gulf of Bothnia are steadily 
rising even now shows that the process of restoring isostatic 
equilibrium is still going on. Actual depressions! within the 
areas that were formerly inundated are, of course, sIm occupied 
by lakes or by the sea. The Great Lakes of North America 
and the Baltic Sea are outstanding examples. \ 

From the sediments that accumulated on the fl(^rs of the 
marginal lakes in Europe the history of the ice recession can 
be deciphered with great accuracy almost all the way from 
the terminal moraines of Germany to the Scandinavian 
glaciers of to-day (Fig. 127). Each spring and summer, as the 
ice thawed, the lake in front received a supply of sand, silt, 
and clay from the streams that flowed into it. The coarser 
material settled down at once, but the finer particles Remained 
in suspension much longer and were not completely deposited 
until much later in the year. But during the late autumn and 
winter the glacial streams were frozen and the lake, itself 
frozen over, received no further sediment. The still suspended 
mud slowly sank to the bottom, forming a thin layer of dark 
clay, easily distinguishable from the thicker layer of sandy silt 
beneath it. The following year the sediment liberated from 
the ice was again sorted out and deposited in two well marked 
seasonal layers, sharply separated from the underlying pair. 
Each such pair is called a vam, and the sediments characterized 
by this annual banding are described as vamd days (Plate 57b) . 
As this process continued year after year the area of deposit 
moved northwards with the receding ice, and the varves thus 
became superimposed after the fashion of wedge-shaped tiles 
on a roof. 

In 1885 Baron De Geer began to count the varves, starting 
in Scania at the southern aid of Swedoi. The thickness of 
the deposit at any one locality rarely exceeds 30 feet, but this 
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Fto. 127 

Map to illustrate successive stages in the recession of the last European ice sheet, 
with dates (in yean before 1900 a.d.) established by counting varves 


may contain several hundreds of varves, each representing a 
single year. Those near the top can then be matched against 
the lower varves at a neighbouring locality to the north, 
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where the sequence includes the varves of the immediatdy 
succeeding years. Thus, by tracing the overlapping varves 
through sections and borings at more than 1,500 localities, 
and so carrying on the counting bit by bit, De Geer and his 
students succeeded, after thirty years of laborioiis work, in 
establishing an absolute chronology of the retreat stages of the 
last of the European ice sheets. The Ice Age is conventionally 
regarded as having ended about 8,700 years agp, when the 
ice sheet reached Ragunda and separated into Itwo isolated 
caps (Fig. 127). Thirteen thousand seven hundrra years have 
elapsed since the ice stood along the site of the Scanimi moraine. 
From the Brandenburg moraine (marking the culmination of 
the ice) to the Scanian moraine the count is necessary incom- 
plete, because the sea now interrupts the sequence, but the 
gaps are few and the time of recession can be estimated without 
much error at rather more than 11,000 years. It is therefore 
approximately 26,000 years since the last European ice sheet 
began to disappear. The corresponding estimate in North 
America for the time elapsed since the Labrador ice sheet 
began its withdrawal from the Long Island terminal moraine 
is about 30,000 years. 

Lakes : A General Summary 

It will already have been gathered that lakes are amongst 
the most characteristic features of the landscape of glaciated 
regions. Finland is renowned for its innumerable lakes, 
35,000 of which have been mapped. Very appropriately, the 
Finns call their country Suomi — the Land of Lakes. Many 
parts of Ontario and the neighbouring Provinces and States 
are riddled with a comparable network of lakes and waterways. 
The extraordinary abundance at the present time of lakes of 
glaciat origin — they are far more numerow than all other 
types put together — ^is a result of two circumstances ; (a) im- 
mense numbers came into existence on the irregular surface 
lefl behind by the retreating ice ; and (b) they originated so 
recently that only some of the shallower ones have since been 
diminated. 
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<5iven a supply of water in excess of the amounts lost by 
evaporation or by seepage through the floor and sides, a lake 
continues to exist so long as the floor of its basin remains below 
the lowest part of the rim. Lakes are therefore conveniendy 
classified according to the modes of origin of their basins. 
Those of glacial origin may occupy : 

(fl) ice-eroded rock basins in valleys or conies with or 
without morainic fringes (pages 219 and 224) 

(b) valleys obstructed by morainic barriers (pages 228-29) 

(c) depressions due to irregular deposition of glacial drift 
(page 230) 

(d) ketde holes left by the melting of buried or partly 
buried masses of stagnant ice (page 233) 

(e) valleys obstructed by ice barriers (page 235) 

Among lakes with a more varied history, involving both 
glacial erosion and deposition, with modifications in many 
cases due to earth movements, the Great Lakes of North 
America are the most remarkable. Lake Superior, the largest 
freshwater lake in the world, is 1180 feet deep, and the bottom 
descends to 580 feet below sea level. The others have depths 
ranging firom 210 to 870 feet. These immense basins were 
primarily gouged out by ice along the sites of broad pre-glacial 
valleys. Morainic beirriers arranged in loops around their 
southern margins further, increased their capacity. Isostatic 
changes of level, possibly combined with additional crustal 
warping due to independent earth movements, brought about 
other changes in their outlines and outlets. As the ice receded, 
marginal lakes accumulated in the depressions between the ice 
wall on the north and the moraines on the south. In successive 
stages, illustrated by Figs. 128 to 131, the overflow was, first 
into the Mississippi, then into the Hudson, and finally into the 
St. Lawrence. The upper lakes are somewhat delicately 
balanced just where lakes might have been least expected — 
on the watershed between the rivers flowing south to the 
Gulf of Mexico and north to Hudson Bay. A gentle tilt of 
thdr haaiua would Suffice to send their waters southward 
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Flos. 128-131. — Successive stages in the development of the Great Lakes of 

North America 



Fig. 128 

An early stage (about 26,000 years ago), showing marginal lakes with an outlet 
near Chicago (G) into the Mississippi. For other lettering see Fig. 131 



Fig. 129 

The marginal ancestors of Lakes Superior and Michigan drain into the Mississippi 
The eastern lakes drain into the Hudson River 

instead of eastward. Isostatic up«tilting towards the north is 
still in progress, and the rate of movement is such that in 
about 1,500 years Lake Michigan will again drain to the 
Misissippi, unless some counterbalancing process (such as 
human interference) intervenes. 

To the north-west another series of lakes originated in 
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Fig. 130 

The upper lakes, swollen into the ancestral Lake Algonquin, drain, together with 
Lake Erie, into a seaway that occupied the St. Lawrence valley and extended 
over the site of Lake Ontario. An occasional overflow from Lake Michigan 
spills into the Mississippi 



Fig. 131 

The lakes approach their present-day outlines, the upper lakes draining into the 
dwindling St. Lawrence seaway through the valley of what is now the Ottowa 
River. E, Lake Eric ; F, Finger Lakes of New York State ; H, Lake Huron ; 
M, Lake Michigan ; S, Lake Superior 

much the same way, beginning their history as marginal lakes 
which coalesced into a gigantic sheet of water referred to m 
L ake Agassiz* The flat-lying sediments of the floor of this 
vanished lake form the rich wheatlands of North Dakota and 
Manitoba* At first Lake Agassiz drained into the Mississippi, 
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but lower outlets were uncovered to the north lator on, and 
the vast lake was reduced to remnants, including Lake Winni- 
peg, Lake Manitoba, and the Lake of the Woods. In Europe 
Lakes Ladoga and Onega had a sinular origin and history. 

Lake basins owing their origin to other geological pro- 
cesses are described in the appropriate chapters, but for con- 
venience the following summary is added here. 

Lake Basins due to Earth Movements 

Tectonic depressions are responsible for the largest of the 
world’s lakes (Caspian Sea), the deepest (L. Tang^yka), the 
lowest (Dead Sea), and amongst those of notable size the 
highest (L. Titicaca, Bolivian plateau), as well as\for many 
shallow lakes, both large (L. Victoria) and small (local sink- 
ings of the ground accompanying earthquakes). In terms of 
origin the chief types are due to : 

Crustal Warping (L. Victoria, page 431 ; Lough Neagh) and 
the backtilting of valley systems (L. Kyoga, page 432). 

Differential Faulting, especially in the African Rift Valleys 
(page 432) and in the Great Basin of the Western States (page 
423). 

Tear Faults across a pre-existing valley, whereby it may be 
obstructed by a hill range (L. Joux, Jiura Mountains; 
Fahlensee, Santis Alps). 

Lake Basins due to Volcanic Activity 

Craters and Calderas of extinct or dormant volcanoes (Crater 
Lake, Oregon, Plate 94). 

Lava Flows forming barriers across valleys (Sea of Galilee ; 
L. Kivu). 

Lake Basins due to Deposition of Sediments 

Obstruction of valleys imd river channels may be brought 
about by : 

Landslides (page 148) and occasionally by avalanches and 
screes. 

Riuer Deposits : Delta growth from relatively vigorous side 
streams. The sealing off at both ends of abandoned meander 
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loops (ox-bow lakes, page 166). Levee b uilding in general 
(flood plain lakes and swamps and delta lagoons, page 168 and 
Fig. 79). Norfolk Broads (pages 194r-96). 

Glacial Deposits (see above). 

Wind Deposits : Coastal sand dunes enclosing lagoons and 
marshes (as in the Landes of south-west France). 

Marine Deposits : Qosed bars and barrier beaches enclosing 
coastal lagoons (page 299). 

Lake Basins due to Denudation 

It should not be overlooked that the depressions occupied 
by an immense number of barrier lakes are river valleys that 
have been locally obstructed. The following processes are 
direcdy responsible for the excavation of basins : 

Solvent Action of Ground-water: Swallow holes, of which the 
outlets have been clogged by residual clays. Surface subsi- 
dences due to underground solution of Umestone (page 134) or 
of rock salt (the meres of Cheshire). 

Solvent Action of Rivers : Expansion and deepenings of river 
beds by surface solution of limestone (some of the Alpine lakes ; 
Lough Derg, an expansion of the River Shannon). 

Glacial Erosion (see above). 

Wind D^tion: Hollows excavated in arid regions to a 
depth where an adequate supply of ground-water is tapped. 


The Pleistocene Ice Age 

The maximum extent of the Pleistocene ice sheets in the 
Northern Hemisphere is shown in Fig. 132. The total area 
overwhelmed by ice approached eight million square miles. 
Half of this was in North America, where the ice radiated from 
three main centres : Labrador, the Keewatin district border- 
ing Hudson Bay, and the Cordilleran ranges of the west. The 
European ice and its continuation beyond the Urals covered 
nearly three million square miles. A subsidiary ice cap radiated 
from the Al{», and the Himalayas and other ranges of Asia 
were rimilarly glaciated. It is remarkable that some the 
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Fig. 132 

Map showing the maximum extent of the Pleistocene ice in the Northern 
Hemisphere. {After E* Antevs) 


Arctic islands and also much of Siberia {rf. page 204) appear to 
have escaped general glaciation. In recent years, however, 
Soviet geologists have been finding increasing evidence that 
the ice spread over wider areas than those shown on Fig. 132. 

In the Southern Hemisphere the Kosciusko plateau of New 
South Wales and a considerable part of Tasmania were glaci- 
ated. New Zealand, where glaciers still persist, was largely 
shrouded in ice, and so were extensive tracts of Patagonia and 
southern Chile. The Antarctic sheet, like that of Greenland, 
was thicker and more extensive than it is to-day. In Central 
Afirica moraines occur more than 5,000 feet below the ice that 
still remains on Ruwenzoti and the higher volcanic peaks (see 
Plate 46). The climatic changes evidently led to a general 
lowering of the snow line, and were clearly world-wide in their 
effects. 

Detailed studies of the drift deposits have shown that 
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glaciation was not confined to the effects of a single great 
advance and retreat of the ice. In many places around the 
Alps four successive sets of boulder clays, moraines, and outwash 
gravels are preserved, showing that there was a fourfold re- 
petition of the glacial cycle. The fourth and latest cycle, of 
which naturally most is known, appears to have involved one 
or two minor advances and retreats before the final withdrawal 
to present conditions. The intervals between the major glacial 
phases — ^known as interglacial stages — are represented by ancient 
soils,' and locally by lake and river deposits or screes, sand- 
wiched between older and younger beds of glacial or glacio- 
fluvial drift. 

Some of the interglacial beds contain plant remains, and 
so provide valuable information as to the climatic conditions 
at the times when they were deposited. A consolidated scree, 
formed during the third interglacial stage, and still preserved 
as a thick wedge of breccia near Innsbruck, contains fossil 
leaves and other relics of trees that no longer grow in the Alps 
but only in warmer regions. At that time the average tem- 
peratures in the Alpine region must have been higher than now, 
and quite possibly it weis then too warm for glaciers to be 
nourished at all. From similar lines of evidence elsewhere it 
appears that the first interglacial stage was also relatively 
warm, but that the second was cooler, with a climate com- 
parable to that of the present. 

The four major Alpine glaciations and the intervening 
interglacial stages are known by the names listed in the follow- 
ing table, the names being those of places where the glacial 
deposits so distinguished are well exposed. Attempts have 
been made to estimate the durations of the interglacial stages 
by comparing the effects of weathering and erosion on the 
imderlying deposits in each case. The depth reached by 
weathering during Riss-Wiirm time is found to be about three 
times that achieved on similar but later deposits exposed 
during post-Wiirm time. Since the latter is about 26,000 
years, it follows that the Riss-Wiirm interval cannot have been 
less than 76,000 years. Indeed, it may well have been con- 
siderably longer, because the second foot of weathering — other 
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things being equal — takes considerably longer than the first, 
and so on. The figures in the table are therefore to be regarded 
as minima. Estimates from America based on the same com- 
parative method are given in the last column. Allowing for 
the very considerable margin of uncertainty, it can hardly be 
less than a million years since the first great ice sheet , began its 
advance — and it may well be more. 

What of the future? Reference to Fig. 133 shows that 
dining the latest chapter of the earth’s history there have 
already been four major climatic cycles. Clearly we can have 
no assurance that these remarkable oscillations have come to 
an end. The persistence of the Greenland and Antarctic 
ice sheets shows that, strictly speaking, the Ice Age is still with 
us. But even though the former severity has relaxed, it is 
important to realise that present conditions are themselves, 
geologically speaking, very unusual. Ice ages have been quite 
exceptional during the earth’s history, and it is to be expected 
that sooner or later there will be a return to the milder and 
more normal cUmates that have characterised most of the 
geological past. Ice sheets will-then be banished from the 
globe. 

Meanwhile — apart fi?om the remote possibility that present 
conditions will persist indefinitely — ^the future holds out the 
prospect of one of two alternatives. It may be that we are 
now living in the early years a£ a cool interglacial stage, com- 
parable with that of the Mindel-Riss, to be followed by yet 
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Fig. 133 

Diagrammatic representation of the climate cycles in the Alps during the Plei- 
stocene, showing the four major ice advances and the intervening interglacial 

stages 


another glaciation which, this time, would relentlessly oblite- 
rate many of the most cherished homes of mankind. On the 
other hand, the present may be merely a pause during the slow 
restoration of a more genial climate under which the existing 
ice-sheets will melt away. If this happens, the liberated melt- 
waters will raise the level of the oceans by about 100 feet. 
London and New York and all other ports and lowland cities 
throughout the world will then be submerged, and obliged to 
migrate to higher sites. Either alternative is sufficiently alarm- 
ing to justify the most careful study of present-day climatic 
tendencies, and of the possible causes of ice ages. 


Suggested Causes of Ice Ages 

If we knew how to explaun the strange vicissitudes of climate 
that have occurred in the past, we might be able to forecast 
future developments more confidently. But so far this highly 
complex problem remains unsolved, although many plausible 
hypotheses have been proposed. Only a brief outline of the 
more important suggestions can be given here. 

Changes in the Bodily Movements of the Earth, e.g. in the eccen- 
tricity of the earth’s orbit, and in the inclination of the earth’s 
axis to the ecliptic. These are real periodic changes, and 
since they must be accompanied by correspondingly periodic 
climatic variations, they must have a genuine bearing on the 
climafic problem. If, however, the variations reached ex- 
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tremes sufficient to account for the glaciations of the Pleisto- 
cene, there should have been hundreds of similar ice ages since 
the Cambrian period. Actually, there has been only one other 
comparable case during the last five hundred million years — at 
the close of the Carboniferous period (see page 499). It may 
therefore be concluded that, by themselves, these changes are 
inadequate. 

Changes in the Position of the Poles relative to the Continertts or 
vice versa. — It is generally agreed that movements of the poles 
on a scale sufficient to bring about important climauc changes 
are highly improbable. The earth behaves like aWroscope 
and only very slight changes in the position of th<^ axis are 
dynamically possible. It is much less improbable that the 
outer crust may have moved over the interior, or that the 
continents may have changed their positions relatively to one 
another. Continental drift (discussed in Chapter XXI) might 
account for the distribution of certain glaciated areas, particularly 
in the late Carboniferous, when India and Central Afifica were 
amongst the glaciated lands ; but neither continental drifl 
nor polar wandering begins to explain how these areas came 
to be glaciated at all. Polar ice caps are exceptional features 
in the earth’s history, and a region does not automatically 
receive a shroud of ice merely because it happens to lie over 
or near one of the poles. 

Changes in Topograpl^. — Mountain growth and continental 
upltfts have occurred at intervals during geological time, and 
if such elevated regions rose above the snow line glaciation 
would obviously be favoured. Moreover, changes in topog- 
raphy, and in the distribution of land and sea, affect the cir- 
cidations Of moisture-laden winds and of oceanic currents, 
both of .which affect in turn the height of the snow line and 
climatic conditions generally. Here, then, we have an im- 
portant contributory factor, but certainly not a sufficient one 
in itself, for there is no correlation between the times of maxi- 
mum elevation and those of widespread glaciation. Con- 
versely, the late Carboniferous ice sheets developed over lands 
that were for the most part low-lying. 



UNGONIXRMED HYPOTHESES 


Change in tlu Composition of the Atmosphere.-^Thc carbon 
dioxide of the air absorbs a small amount of the heat reflected 
from the lands. It has therefore been suggested that increase 
in the proportion of atmospheric carbon dioxide would lead 
to a rise of temperature, and decrease to a fall of temperature. 
The effect is very slight, and is almost wholly ofiset by com- 
plementary effects due to water vapour. Appeal has also been 
made to the fact that after paroxysmal volcanic eruptions {e.g. 
Krakatao in 1883, page 470) the dust blown into the air reflects 
back some of the sun’s rays, and so brings about a temporary 
drop of temperature. There is, however, no corrdation 
between times of prolonged volcanic activity and times of 
glaciation. 

Changes in the Sun's Radiation. — Small-scale variations in the 
the amount of heat received from the sun are known to occur, 
especially in connection with the sun-spot cycle. This fact 
has stimulated what is perhaps the most promising of all the 
ideas so far proposed : the hypothesis that there may be large- 
scale fluctuations in the sun’s radiation, recurring at very long 
intervals. When we consider that the earth has orogenic 
cycles of 200 million years or so, reflecting the behaviour of 
its interior, it seems not unreasonable to suppose that the sun 
may also be subject to long-period disturbances arising from 
within it. The difficulty about this hypothesis is not that it is 
inadequate, but that it cannot be tested and therrfore cannot 
be either proved or disproved. It may very well be true, but 
for the present it remains no more than an attractive specu- 
lation. 




Chapter XIII 


WIND ACTION AND DESERT LANDSCAPES 

The Geological Work of Wind 

As an agent of transport, and therefore of erosion and de- 
position, the work of the wind is familiar wherever loose surface 
materials are unprotected by a covering of vegetation. The 
raising of clouds of dust from ploughed fields after a spell of 
dry weather and the drift of wind-swept sand along a dry 
beach are known to everyone. It is with this direct action on 
the land surface that we shall be concerned in this chapter. 
But it should not be overlooked that the wind also distributes 
moisture over the face of the earth, and is therefore one 
of the primary factors responsible for weather and weather- 
ing and for the maintenance of rivers and glaciers. More- 
over, by transferring part of its energy to the surface water 
of the sea, the wind is responsible for waves and their erosive 
work. 

In humid regions, except along the seashore, wind erosion 
is limited by the preydent cover of grass and trees and by the. 
binding action of moisture in the soil. But the trials of desert 
warfare have made it hardly necessary to stress the fact that 
in arid regions the effects of the wind are unrestrained. The 
“scorching sand-laden breath of the desert’* wages its own 
war of nerves. Dust storms darken the sky, transform the air 
into a suffocating blast, and carry enormous quantities of 
material over great distances (Fig. 134). Vessels passing 
through the Red Sea often receive a baptism o f fine sand from 
the desert winds ; and, beyond the other end of the Sahara, 
dun« have accumulated in the Canary Islands from sand 
blown across the intervening sea. Red dust sometimes falls 
in Italy, and even in Germany, carried north by great 
storms from the Sahara. The “ blood rains ” of Italy are 
due to this same red dust washed down by rain from the 
hazy atmosphere. 
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Fig. 134 

Dust storm approaching Port Sudan 


[E.N.A. 


By itself the wind can remove only dry incoherent deposits. 
This process of lowering the land surface is called deflation (L. 
d^re, to blow away). Armed with the sand grains thus 
acquired, the wind near the ground becomes a powerful 
scouring or abrading agent. The resulting erosion is described 
as wind abrasion. By innumerable impacts the grains themselves 
are gradually worn down and rounded. This third aspect of 
wind erosion, the wear and tear of the “ tools,” is distinguished 
as attriHott, 

The winnowing action of the wind effectively sorts out the 
transported particles according to their sizes. This is well 
illustrated in the desert wherev^ mixed deposits of gravel, 
sand, and mud are worked over by the wind. Such materials 
are continually liberated by weathering and abrasion from 
bedrock surfaces, but far larger supplies are furnished by 
sheets of poorly assorted alluvium spread over the desert floor 
by the occasional torrents that flush out the wadis. Particles 
silt and dust are whirled high into the air mid transported 
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far from their source, to accumulate beyond the desert as 
deposits of loess (page 267). Sand grains are swept along near 
the surface, travelling by leaps and bounds, until the wind drops 
or some obstacle is encountered. The dunes and other accumu- 
lations of wind-blown sand thus come to be composed of clean 
and uniform grains, the finer particles having been sifted out 
and the larger fragments left behind. It follows that pebbles 
and gravel are steadily concentrated on the wind-swept sur- 
faces of the original mantle of rock-waste. 

As a result of wind erosion, transport, and deposition three 
distinctive types of desert surface are produced : 

(1) The rocky desert (the hammada of the Sahara), with a sur- 
face of bedrock kept dusted by deflation and smoothed by 
abrasion (Plate 61 a) ; 

(2) the stony desert, with a surface of gravel (the reg of the 
Algerian Sahara), or of pebbles (the serir of Libya and 
Egypt) ; and 

(3) the sandy desert (the erg of the Sahara). 

Complementary to these is the loess of the bordering steppes, 
deposited from the dust-laden winds that blow from the desert. 


Wind Erosion 

The most serious efiects of wind deflation — from the human 
point of view — are experienced in semi-arid regions like the 
Great Plains west of the Mississippi, where in recent years vast 
quantities of soil have been blown and washed away from 
thousands of formerly productive wheat-growing farms. Orig- 
inally an unbroken cover of grass stabilised the ground, but 
long-continued ploughing and over-exploitation finally de- 
stroyed the binding power of the soil and exposed it as a loose 
powder to the driving force of the wind. This national menace 
became critical during a period of severe droughts, culminating 
in 1934-35, when great dust storms originating in the “ Dust 
Bowl ” of Kansas swept over the States towards the Atlantic. 
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Rainwash and the creeping disease of badland erosion ex- 
tended the devastation. Widespread measures of reclamation 
and protection have been imdertaken to minimise the growing 
wastage and desolation. 

A characteristic result of deflation, especially over regions 
where unconsolidated clays and friable shales are exposed {e.g. 
in the North African, Kalahari, and Mongolian deserts), is the 
production of wide plains and basin-like depressions. The 
excavation of hollows is limited only by the fact mat even 
in deserts undergroimd water may be present. Once the 
desert floor has been lowered to the level of the\ ground- 
water, the wind can no longer pick up the moistened p^articles. 
The base level for wind action is that of the water table, 
which may be far below sea level. The “ pjins ” of South 
Africa and the Kalahari and the more impressive depressions 
and oases of Egypt and Libya have all been excavated by 
ablation. 

Westward from Cairo to Jarabub there is a remarkable 
series of basins with their floors well below sea level (Fig. 136), 
reaching — 420 feet in the salt marshes of the immense C^attara 
depression. Some of the smaller basins tap a copious supply of 
groimd-water at depths of — 60 to — 100 feet, and have become 
fertile oases. To the north the surface rises by abrupt escarp- 
ments to terraced tablelands formed of hard sandstones and 
limestones which formerly extended across the softer rocks of 
the depressions. To the south, following the direction of the 
prevailing wind, long stretches of sand dunes represent part 
of the removed materials. The other well-known oases of 
Egypt — ^Bahaiia, Farafra, Dakhla, and Kharga — are above 
sea level, but they have originated in the same way. All of 
them have steep escarpments of resistant rock to the north, 
and Baharia is entirely enclosed jwithin rocky walls. The 
floori. consist of the same soft strata as those found at the base 
of ||^jii$scarpmaits. The depressions ^e not crustal sags, nor 
have 'diey been cut by water, for the intermittent floods due 
cloudbursts tend to All them up with debris. The wind 
iais been the sole excavator. 

The eflfects wind abrasion are unmistakaUy expressed 
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Fio. 136 

Map showing depressions, sand wastes, and lines of sand dunes in the Egyptian 

Desert 


in the forms and surfaces of the desert bedrocks. Just as an 
artificial sand blast is used to clean and polish building stones 
and to etch glass, so the natural sand blast of the wind attacks 
destructively everything that lies across its path. Cars driven 
against wind-blown sand may have their wind-screens frosted 
and their paint scoured off. The action on exposed rocks is 
highly selective. Like a delicate etching tool, the sand blast 
picks out every detail of the structure. Hard pebbles, nodules, 
and fossils are left protruding from their softer matrix until 
they fall out. Variably cemented rocks are flitted and honey- 
combed like fantastic carvings. Where there are thin alter- 
nations of hard and soft strata the soft bands are scoured away 
more rapidly than the hard, which thus come to stand out in 
strong relief, like fluted shelves and cornices with deep groovra 
between. Where the wind blows steadily in one direction 
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over strata of this kind, especially if the beds are tilted radier 
than flat, the softer materials are excavated into long passage- 
ways (p 2 irallel to the dominant wind direction) separating 
deqjly undercut, ova*hanging ridges. Such fantastically 
carved “ cockscomb ” ridges are common in certain parts of 
the Asiatic deserts, where they are csSiodi yardangs. 

Undercutting is everywhere a marked feature of wind 
abrasion, owing to the fact that the process is most effective 
just above the surface, where the sand is most \ abundant. 
Telegraph poles in sandy stretches of desert have to be protected 
by piles of stones against the cutting action of the sand grains 
hurled against them. Along the base of escarpment alcoves 
and small caverns may be hollowed out. As always, the efiect 
of undercutting on slowly weathered formations is to maintain 
steep slopes. Joints are readily attacked and opened up and 
these commonly determine the outlines of rock towers and 
pinnacles, left isolated like detached bastions in front of 
the receding wall of an escarpment (Plate 64). Upstanding 
rocks attacked at the base by winds fl'om varied directions 
pass through a stage in wUch they resemble mushrooms, 
especially when a resistant cap-rock overlies a weaker 
formation. 

Where the bedrock of the desert floor is exposed to blown 
sand it may be smoothed or pitted or fiurowed, according to 
its structure. Compact limestones become polished, massive 
granites are smoothed or pitted, and gneisses and schists are 
ribbed and fluted parallel to their foliation. Where pebbles 
have become sufficiently concentrated by removal of finer 
material they become closely packed, and in time their upper 
surfaces are ground flat. In this way mosaic-like tracts of 
desert-pavement arc developed. Isolated pebbles or rock frag- 
ments strewn on the desert surface are bevelled on the wind- 
ward side until a smooth face is cut. If the direction of the 
wind changes seasonally, or if the pebble is undermined and 
turned over, two or more facets may be cut, each pair meeting 
in a sharp edge. Such wind-faceted pebbles, which often 
resemble Brazil nuts, except that thdr suzfaces are polished, 
are known as dreikanter or ventifacts (Fig. 186). 
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Fro. 136 

Pebbles faceted by sand blast (dreikanter or ventifacts). Drawn by M. V. Binosi 
from specimens in the Cairo Geological Museum. {From W. H. Hume, “ Geologf 
of Egypt," Vol. by permission) 

As a result of continual attrition due to the friction of 
rolling and impact the sand grains themselves are gradually 
worn down and rounded. The prolonged action of wind is 
far more effective in roxmding sand grains than that of running 
water, because of (a) the greater velocity of the wind ; (b) the 
greater distances traversed by the grains as they bound and 
roll and collide with each other backwards and forwards across 
wide stretches of desert ; and {c) the absence of a protective 
sheath of water. Some of the millet seed sands of the desert are 
almost perfect spheres with a mat surface like that of ground 
glass. It is also noteworthy that visible flakes of mica, such as 
are conunonly seen in water-deposited sands and sandstones, 
are very rare in desert sands and dunes. The easy cleavage 
of mica facilitates constant fraying during the wear and tear 
of wind action. Mica is thus reduced to an impalpable powder 
that is winnowed away from the heavier sand grains. Tliese 
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contrasts between water-laid and aeolian sands are of great 
value in d^ding whether ancient sandstones have been 
formed in deserts or under water. The Penrith Sandstone of 
the Eden valley is a well-known example of a Permian desert 
sand. Its roimded grains, the absence of mica, and the cross- 
bedding of the formation all testify to the desert conditions of 
the time. 


Coastal Dunes and Sandhills 

Along low-lying stretches of sandy coasts and lake shores, 
where the prevailing winds are onshore, drifting sand\^ blown 
landwards and piled up into dimes which form a natural 
bulwark of sandhills. Any mound or ridge of sand with a crest 
or definite summit is called a dune. Deposition begins wherever 
the force of the wind is broken by obstructive irregularities of 
the surface, including grasses and trees. In humid regions the 



Fio. 137 

Sections to illustrate the growth, migration, and structures of sand dunes. A 
stationary dune. A, grows in height with a forward and upward advance of the 
crest, vhien the sand supply and wind velocity involve migration of the dune, 
the crest advances to positions such as c, • • • g, and H 

conditions governing growth and removal are very complex. 
The wind varies in strength and direction. Vegetation and 
moisture tend to fix the sand, but fixation is often incomplete. 
During severe gales old dunm may be breached and scooped 
out into deep “ blow outs.” The resulting confused assemblage 
of hummocks and hollows gives coastal sandhills a character- 
istically chaotic relief. 

An ideal dune has a long windwa;rd slope rising to a crest 
and a much steepo: leeward slope (Fig. 137). ^ The latter is 
determined by the fact that sand blown over tiie crest &lls 
into a wind sl^dow, and comes to rest at its natural angle of 
repose — ^about 30“ to 36“ for dry sand. The windward slope 
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W Mavuton Sandhills (south-west continuation of the Culbin Sands), 
partially arrested by bent, Moray 



IH,M, Geol, Survey 

(B) Remains of a plantation formerly buried by sand which has now 

drifted farther on 


MAVISTON SANDHILLS, MORAY 


MIGRATION OF SAND DUNES 


is often beautifully rippled (Plates 6a and 60a). In situations 
where dunes are not effectively arrested by vegetation, or kept 
within bounds by winds from opposing quarters, they slowly 
migrate in the direction of the prevailing wind. When the 
wind is not fully loaded with newly acquired sand it sweeps 
up more from the windward slope, and drops it over the crest, 
where it streams down the “slip-face.” By subtraction of 
sand from one side and addition to the other the dune travels 
forward. 

As one belt of dunes is driven inland away from the beach, 
another arises in its place “ so that a series of huge sandy 
billows, as it were, is continually on the move from the sea- 
margin towards the interior ” (Plate 68a). Very wide belts 
of sandhills have spread inland in this way along the coasts 
of Holland and North Germany and in the Landes of Gascony 
adjoining the Bay of Biscay. The Culbin sandhills, near the 
mouth of the Findhom on the southern shore of the Moray 
Firth, furnish a classic example of the destruction of cultivated 
lands and habitations by advancing sand. Prior to 1694 the 
sandhills had already reached the fringe of the Culbin estate. 
In that year a great storm started a phase of accelerated en- 
croachment which finally led to the complete obliteration of 
houses, farms, and orchards, and even to the burial of fir 
plantations (Plate 69). 

In many threatened regions measures have been taken to 
restrain the advance of the dunes. Tough binding grasses 
such as bent or marram are excellent for this purpose (Plate 
68b). The harsh tufts check the wind, trap oncoming supplies 
of sand, and continue to grow outwards as the entangled sand 
accumulates, leaving behind them an intricate network of 
long roots. Such protect^ dunes become levelled up and 
turfed over. Subsequent growth of the dunes then tends to be 
seawards. Where the problem is less easily solved, as in the 
Landes, the dunes are anchored more securely by starting 
plantations of conifers on the landward side, and gradually 
extending them across the sand already partially fixed by 
grassGi. 
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Desert Dunes and Sand Sheets 

About a fifth of the land surface is desert, and on an average 
about a fifth of the desert areas is mantled with sand. A high 
proportion of the desert floor is an erosion surface of bedrock, 
locally strewn with coarse rock-waste (Plate 61a). Regions 
of shale and limestone provide little or no sand, but where 
sandstone is being disintegrated or mixed alluvil^ is being 
deflated, the wind picks up the loose grains and concentrates 
them into vast siuid wastes (Plate 60) and long chains of 
dunes. ^ 

Complications due to vegetation and moisture Vrise only 
around oases or in the transition zones where the desert merges 



Fio. 138 

A typical barchan (drawn from a photograph) 


into steppe or savanna country. In the heart of the desert the 
wind has free play. But nevertheless, as a masterly study by 
Brigadier Bagnold has made abundantly clear, the factors 
controlling the form of the sand accumulations are far from 
simple. They include the nature, extent, and rate of erosion 
of the source of supply ; the sizes of the sand grains and 
associated fragments ; the varying strength and direction of 
the wind ; and the roughness or smoothness of the surface 
(e.g. the presence or absence of pebbles) across which the sand 
is drifted and deposited. Of the ipulting sand forms four main 
types can be distinguished : 

(a) Sand drifts caused by protruding rocks or cliffi. These 
call for no further mention. 

(b) Crescentic dunes or barchcms (a Turkestan name which has 
been generally adopted), which occur as isolated units 
(Fig. 138), either sporadically or in long chain-like 
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swarms, or as colonies, more or less linked together 
laterally, which advance across the desert like gigantic 
but irregular ripples. 

(e) Linear ridges or longitudinal dimes (known as seifs in the 
Sahara), which commonly occur in parallel ranges of 
immense length, each diversified by peak after peak 
“ in regular succession like the teeth of a monstrous 
saw.” 

(d) Sand sheets of wide extent, which may be flat or un- 
dulating (Plate 60 and Fig. 141). 

Dunes arise wherever a sand-laden wind piles up sand on 
the slopes of a random patch. The mound grows in height 
until a “ slip-face ” is established by avalanching on the 
sheltered leeward side. As the dune migrates, the extremities, 
offering less resistance to the wind than the summit region, 
advance more rapidly, imtil they extend into wings of such a 
length that their total obstructive power becomes equal to 
that of the middle of the dune. The resulting crescentic form 
then persists with only minor modifications of shape and size, 
so long as the wind blows from the same quarter. The width 
of a barchan is conunonly about a dozen times the height, 
which ranges up to a maximum of 100 feet or so. Winds 
blowing continually from nearly the same direction are 
essential for the growth and stability of barchans. Under such 
conditions, and given a sufficient supply of sand, elongated 
swarms of barchans march slowly forward, like a stream of 
vehicles in a one-way street (Fig. 139). The rate of progress 
varies up to 20 feet a year for high dunes, and up to 60 feet 
a year for small ones. 

Where the prevailing wind is occasionally interrupted by 
strong cross winds which drive in sand fi:om the sides, the 
conditions are like those of a one-way street which becomes 
densely crowded and choked by the inflow of traffic fium every 
cross-road. Instead of a chain of barchans, a long seif dune is 
developed, a high, continuous, but serrated ridge paralld to 
the direction of the prevailing wind, and in some examples 
numing dead straight for a hundred miles or more. In South 
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Direction of Wind 

Fio. 139 

Plan of a procession of barchans in the Libyan Desert 



Iran such ridges occasionally reach a height of 700 feet. In 
Egypt 300 feet is common. S.S.E. of the Qattara depression 
there is a long tract of many parallel sells with corridors of 
bare desert floor between (Fig. 135). One of the most re- 
markable features of desert dunes is their apparent poorer of 



Fio. 140 

Diagram to illustrate the shepherding effect of wind on sand ridges. The 
wind is strongest between the ridges, and is retarded by fnction against them. 
Eddies are therefore set up as shown 

collecting all the sand in their neighbourhood. The explana- 
tion appears to be that the wind exerts a shepherding effect. 
If the surface between the dunes is fairly smooth, the drag on 
wind there is less than it is along the edge of the dune. Eddies 
are thus set up which blow towards the dune, and so keep the 
intervening sur&ce swept dean (Fig. 140). 
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(B) Kettle oasis in the Souf 
IN THE ALGERIAN SAHARA 


[E.N.A. 


DESERT SAND SHEETS 



Fig. 141 

A characteristic view of an Egyptian “sand sea.” Drawn by M. V. Binosi, 
{From W. H, Hume, Geology of Egypt," VoL /., by permission) 


In the great Egyptian Sand Sea (Fig. 141), however, 
another factor operates. Here the dunes, which include 
seifi in some parts, and colonies of irregular barchans in 
others, rise above a platform of coarse sand. This has 
accumulated around their bases because the grains are too 
large to accompany the finer sand which is carried up 
the slopes of the dunes. Wide, featureless sand sheets 
accumulate where the wind disperses chance mounds of 
sand, instead of developing them into dunes. Here the 
effect of sprinlded pebbles comes in. A pebbly surface 
increases the drag on the wind to such an extent that 
the velocity near the ground is less than it is over a 
patch of clean sand. The resulting eddies therefore blow 
firom the patch towards the pebbly surface until the sand is 
again evenly distributed between the pebbles. Widespread 
sand sheets are also characteristically developed on the borders 
of deserts, where a scanty vegetation diversifies the surface 
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[G. C. (hlbert, U.S. Geol., Survey 
Fig. 142 ' 


Desert scrub, with basalt-capped mesa behind, N.E. of The Solitario, Texas 

(Fig. 142 and Plate 63b). Grass and scrub break the force 
of the wind and inblown sand is evenly distributed. 

One of the most curious phenomena associated with dry 
dune sands is the mysterious booming which suddenly inter- 
rupts the silence in certain desert localities. Bagnold writes, 
“ Native tales have woven it into fantasy ; sometimes it is the 
song of sirens who lure travellers to a waterless doom ; some- 
times it is said to come upwards from bells still tolling under- 
ground in a sand-engulfed monastery ; or maybe it is merely 
the anger of the jinn ! But the legends, as collected by the late 
Lord Gurzon, are hardly more astonisl^g than the thing itself. 
I have heaid it in south-western Eg^t 300 miles from the 
nearest habitation. On two occasions it happened on a still 
night, suddenly — a vibrant booming so loud that I had to 
shout to be heard by my companion. Soon other sources set 
going by the disturbance joined their music to the first. 
This weird chorus wait on for more than five minutes con- 
tinuously before silence returned.** “Roaring** sands have 
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been described from a place in the Kalahari desert, whore a 
long tongue of white sand is advancing across a red sandy 
plain. When the white sand is disturbed by walking or sliding 
down its steep face, the sand sets up a loud roaring, recalling 
the starting of an aeroplane engine. Despite much investiga- 
tion and experiment no satisfactory explanation of the sounds 
is yet forthcoming. In some way an avalanching layer of 
sand sets all the grains vibrating together. An analogy is 
suggested by the sound given out when one corrugated book 
cover is drawn over another. ‘ 

Loess 

We must next consider what happens to the vast quantities 
of dust which have been winnowed from the desert sands and 
exported by the wind. From the deserts of Asia the wind 
carries the dust to the south and south-east over the grassy 
regions of China, where it is deposited and accumulated as a 
thick blanket of loess (Fig. 79). From the North African 
deserts much of the dust reaches the Atlantic, either directly 
or by way of the Congo basin, where it is retained for a time 
in the soil. Of the rest, some is trapped by the Mediterranean 
and Red Seas, while the balance is carried towards the steppes 
of Russia and Turkestan, pother very important supply of 
fine silt and dust was formerly provided by the rock flour of 
glacial deposits. During and after the retreat of each of the 
successive ice sheets, the finer material was sifted out by the 
wind and deposited over the steppe-like country outside the 
glaciated regions (Fig. 143). Thus it happens that a long belt 
of loess, mainly composed of glacial material in the west and 
of desert material in the east, stretches from France to China. 
The term loess comes from a town of that name in Alsace. 
Be ginning as Straggling bdts of hills in France and Grermany, 
the deposit becomes thicker and more extensive as it is traced 
across Russia and Turkestan, until in Shansi and the adjoining 
provinces of China it reaches its maximum development. 

Loess is an accumulation of wind-bome dust and alt, 
washed down firom the air by rain, and retained by the pro- 
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Fio. 143 

Map showing the distribution in Europe of loess and loamy soil formed 
from loess (dotted), and its marginal relation to the last European ice sheet. 

{After S. von Bubnoff) 

tective grip of the grasses of the steppe. Each spring the grass 
would grow a little higher on the material collected during the 
previous year, leaving behind a ramifying system of withered 
roots. Over immense areas many hundreds of feet have 
accumulated, whole landscapes having been buried, except 
where the higher peaks project above the blanket of loess. 
The material itself is yellow or light buff, very fine grained, 
and devoid of stratification. Although it is very friable and 
porous, the successive generations of grass roots, now repre- 
sented by narrow tubes partly occupied by calcium carbonate, 
make it sufficiently coherent to stand up in vertical walls which 
do not crumble unless they are disturbed. The passage of 
traffic along country roads loosens the material, clouds of dust 
are removed by the wind, and the roa^ are worn down into 
steep-walled gullies and miniature canyons. 

In the loess provinces of China rain and small streams 
carve the surface into a maze of ravines and badland topo- 
graphy (Plate 63a). The laig;er rivers flow in broad and fertile 
^uvid plains bordered by vertical blufi^. Here and in the 
lovdand and deltaic plains to the east most of the alluvium is 
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simply loess redistributed by water. In the loess uplands 
cultivation of the slopes is made possible by terracing. The 
steep-sided clifls and walls, whether natural or artificial, are 
often riddled with cave dwellings, many of which have their 
chimneys opening into the fields above. This mode of habi- 
tation has occasionally led to great disasters. In 1666, for 
example, widespread landslides and floods were started by a 
catastrophic earthquake and nearly a million peasants lost 
their lives. 

In the semi-arid regions of the western States and in the 
Mississippi valley there are thick deposits of adobe which cor- 
respond in all essentials to the loess of Europe and Asia. Here 
again the material has been sifted by the wind firom the rock 
waste of deserts and glaciated areas, and blown far outside 
the regions of supply, to find lodgment on surfaces, like the 
prairies, protected by vegetation. Similar deposits also occur 
in the pampas of South America. 


Weathering and Stream Work in the Desert 

The Sahara and the other sub-tropical deserts lie between 
the equatorial and temperate zones along belts of high atmos- 
pheric pressure where the prevalent descending winds are dry. 
The deserts of higher latitudes occur in regions where the rain- 
fall is low either because of the great distance from the oceans 
{e.g. the Gobi of Central Asia) or because of the rain barrier 
interposed by high mountains near the coast [e.g. the deserts 
of N. and S. America). In all these arid regions the rainfall 
is rare and sporadic, both temperature and wind intensity are 
subject to violent daily and seasonal fluctuations, and vegeta- 
tion is octremely scanty or entirely lacking. 

Under these conditions mechanical weathering is dominant, 
involving the splitting, exfoliation, and crumbling of rocks by 
alternations of scorching heat and icy cold (Plate 23b). Never- 
theless chemical weathering, though extremely slow, plays a 
&r fix>m negligible part. By decomposition and solution, rocks 
that would otherwise successfully resist the stresses set up by 
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temperature changes are gradually weakoaed until they can 
be shattered. By evaporation minute quantities of dissolved 
matter are brought to the surface. The loose salts are blown 
away, but oxides of iron, accompanied by traces of manganese 
and other similar oxides, form a red, brown, or black film 
which is firmly retained. The surfaces of long-exposed 
rocks and pebbles thus acquire a characteristic coat of “ desert 
varnish.” / 

Although most desert localities remain entirely unvisited 
by rain for years on end, no part can be regarded^ as per- 
manently free from rain. Over a representative pmod of 
years the rainfall is limited to an average of a few incpes per 
annum, 10 inches being the limit, reached only on the\desert 
margins. In the adjoining semi-arid regions the annual rain- 
fall rises to 10-20 inches, but even here long periods of drought 
are usual. 

Evapjoration far exceeds the rainfall in the desert. Per- 
manent streams cannot originate under such conditions, zil- 
though well nourished rivers, like the Nile, with adequate 
sources in humid regions, may cross the desert without eiitirely 
dwindling away. Outflowing streams are otherwise short and 
intermittent, and confined to coastal districts where, moreover, 
the rainfall is less scanty. The desert drainage is almost 
wholly internal, and directed towards the lowest parts of the 
many depressions which, owing to earth movements and wind 
erosion, characterise the desert surface. Evaporation prevents 
the growth of lakes from which, as in humid regions, the over- 
flow could find an exit. The poetical generalisation that “ the 
weariest river winds somewhere safe to sea ” does not apply to 
arid regions. 

The gorges and steep-sided wadis that dissect the uplands 
(Plate 62), the alluvial spreads that floor the depressions, and 
&e salt deposits and other dried-up remains of ephemeral and 
vanished lakes all testify to the fact that running water as well 
as wind is concerned with the evolution of the desert landscape. 
Most of these features are an inheritance from Pleistocene 
times, when there were climatic oscillations involving periods 
of greater rainfall (Plate 63b). In the Sahara and Syria 
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occurrences of buried habitations, stone implements, and the 
fossil remains of trees of modem types all point to the com- 
paratively recent prevalence of more genial conditions. Evi- 
dence for the more active flow of streams is found in the extinct 
“ waterfalls ” of certain wadis. 

Despite the extreme desiccation of to-day, spasmodic 
stream action still continues. The chief characteristics of the 
rare desert rainstorms are their erratic distribution and brief 
duration, and — apart from occasional light showers — ^their 
intense violence. Houses of dried salt mud are washed away 
when a sudden “ cloudburst ” descends on an oasis, and 
travellers have been drowned in the floods that race down the 
dry wadis with little or no warning. Such torrents, swiftly 
generated in a distant upland rainstorm, carry a heavy load 
of mixed debris, prepared for them by years of weathering and 
wind erosion. Much of the load is dropped to form alluvial 
fans and “ deltaic ” deposits in front of the mountains or escarp- 
ments, as the carrying power is reduced by loss of gradient or 
by seepage. Choked by their own deposits the streams sub- 
divide into innumerable channels and spread out laterally 
across the plain, which thus becomes covered with a veneer of 
fine sediment. If the rain falls over the gentle slopes of a 
depression a shallow sheet-flood may carry a mud flow towards 
the centre. If the water reaches the centre before it is lost by 
further seepage and evaporation a temporary lake is formed. 
There the dissolved material is concentrated by evaporation 
and finally deposited to form salt muds or glistening white 
sheets of rock salt, gypsum, and other salts. In western America 
the resulting alluvial plains are called playas and the more 
saline tracts are distinguished as salirm (Plate 86b). As only 
the finer debris is exported by wind, and salt-encrusted 
surfaces offer considerable resistance to ablation, the Iowct- 
ing of the surface by wind erosion is a very slow process 
which does not everywhere succeed in keq>ing pace with 
deposition. 

If the alluvium increases in thickness it extends up the 
valleys and encroaches on the wind-swept and flood-washed 
rock slopes that lead up to the spurs and clif& of mountains 

871 



WIND ACnON AND DESERT I.ANDSCAPBS 

and escarpments. So long as more mateiial is brought in by 
streams than is removed by wind the depressions continue to 
be filled. It is doubtful whether this can happen in the heart 
of the desert, but it certainly takes place in sem-azid regions 
like the Great Basin (page 423), and it must have occurred in 
the present desert when the rainfall was less scanty than now. 
In any case, the low swells between adjoining basins are sooner 
or later worn down, and the spreads of alluvium gradually 
extend from one depression to another, thus becoming united 
into still vaster plains. 1 

A striking feature of desert and semi-arid landscape is the 
sudden change of slope which is maintained as the edges of 
the uplands are worn back by erosion. The slopes of moiintains 
and escarpments and the walls of the wadis are kept steep not 
only by wind abrasion at the base, but also because stream 
erosion, when it does occur, is mainly lateral. Near the heads 
of gorges and wadis the rare floods flush out the loose material 
and cut into the bedrock, but lower down the main channel is 
blocked by debris, and the outer distributaries, diverted to one 
side or the other, undercut the walls (Plate 62). Another effect 
which is locally important is that rain falling on a plateau of 
pervious rocks soaks through them and feeds intermittent 
springs at the foot of the bordering clifis, which are thus again 
sapped away at their base. Meanwhile, the recession of the 
upper slopes is extremely slow, because disintegration is very 
slight compared with the effects of weathering in humid 
regions. Thus the typical wadis and desert gorges come to have 
broad flat floors and steep sides, rising in terraced steps to a 
vertical lip. Near their mouths they open out into alluvial 
fens which slope down to the plains. Between neighbouring 
wadis the plateaus rise by similarly abrupt cliffi and terraces, 
corresponding to the varied resistances of the truncated strata. 
In the absence of intervening soft beds, as in the tableland of 
the Gilf Kibir to the south of the Egyptian oases, the ascent 
may be by a single bold and precipitous escarpment. Between 
the cliffi and the feather edge of the alluvium there is generally 
a gently sloping rock surface for which the term pediment has 
proposed. 







[Capt. J, P. K osier 

(A) “ Badland ” erosion of loess, Kansu Province, China 



[W, C. Mendenhall^ U.S, GeoL Survey 
(B) Shore terrace of former lake, Colorado Desert, California 




DEVELOPMENT OF DESERT LANDSCAPES 


The Cycle of Erosion in Arid Regions 

There is still considerable doubt regarding the relative 
importance of the effects of wind and water in the desert. As 
we have seen, there have been marked fluctuations of climate 
in the not very distant past, and certain desert features, such 
as the larger wadis and the extensive deposits of former lakes, 
could hardly have developed under the parching conditions 
of the present day. Such features are therefore shared by the 
landscapes of both desert and semi-arid regions. The following 
outline, though brief, will serve to indicate how the processes 
known to operate in the desert could ultimately reduce any 
given land surface to a desert peneplain. 

The arid cycle may be supposed to begin on a region of 
uplands and depressions, determined, let us say, by earth 
movements. During the stage oi youth each basin is separate 
firom its neighbours. In the uplands short intermittent streams 
cut gullies and ravines which develop into wadis and canyons. 
The rock-waste is not carried off to the sea, but is spread over 
the depressions, turning them into sandy plains passing inwards 
into salt-cemented playas. By erosion the slopes of the uplands 
gradually recede, leaving narrow rock pediments in front, and 
the upper surfaces are slowly worn down. By accumulation of 
alluvium the basins are filled up. G^nsequently the general 
effect is toweu-ds levelling, although, as already pointed out, 
the contrast of cliff and plain' never ceases to remain sharp. 
Moreover, of&etting the reduction of relief, new hollows are 
excavated by the wind, and dunes begin to grow and to migrate 
fixim the sources of sand supply. 

The stage of maturity may be said to be reached when the 
lower basins begin to tap the higher ones by valleys which have 
extended headwards. The deposits of a higher basin may 
devdop into typical badland tof)ography as they arc eroded 
away. Neighbouring basins thus gradually coalesce into more 
extensive ones which for the most part are almost perfectly 
flat plains, with tracts of mosaic pebble-pavement and vast 
sand wastes and chains of dunes. Meanwhile the uplands are 
dwindling away, and their remnants, flanked by outlying 
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buttes, rock towers, and pinnacles, rise abruptly fiDm broaden- 
ing pediments which slope down to the plains (Plate 64). 

As the uplands are lowered the rainfall decreases still 
further, and less and less new material is contributed to the 
plains by running water. Wind action then becomes pre- 
dominant. The general lowering of the surface by deflation 
and abrasion proceeds with little or no interruption by sheet 
floods and mud flows. This stage msirks the beginning of old 
age. The shrinking uplands are worn back, leaving increasingly 
widespread pediments, diversified by clustered or usolated 
residual knobs and peaks, the most spectacular exampl^ being 
the inselbergs developed from resistant masses of granmc and 
gneissic rocks. Until the cycle is interrupted by earth \move- 
ments or a change of climate, wind erosion continues to lower 
the surface towards the base level fixed by the water table. 
And so the region is reduced to a peneplain of rock, desert 
pavement, and sand, the only breaks in the monotonous land- 
scape — apart from barchans and seif dunes — being provided 
by residual domes and occasional steep-sided relics of the, more 
persistent inselbergs. 

The most remarkable examples of the old-age inselberg type 
of landscape occur in certain regions of Africa [e.g. Mozambique 
and Tanganyika territory) where the present climate is one of 
well marked wet and dry seasons. Precipitous, smoothly 
rounded peaks, isolated or in detached groups, rise boldly and 
abruptly above the forest, like islands above a sea of vegeta- 
tion (Fig. 144). For this reason they have been called inselberge 
(island mounts) . Other examples, only a little less spectacular, 
occur in the semi-arid regions of South-West Afiica, Northern 
Nigeria (Plate 6Sa), and Western Australia, and in the Arabian 
desert, everywhere carved out of the more resistant granites 
and gneisses. 

The surrounding plain or plateauris a more or less uplifted 
plain or plateau of the pediment type, with only a thin covering 
dF soil, sand, gravel, or laterite, according to the nature of the 
fuesent-day climate. An inselberg is clearly a special type of 
monadnock (page 189), but it differs fiom the latter, as de- 
vdop«i in the humid cycle, in its astonishingly steep sides and 
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, Fig. 144 

etc es of the inselberg landscape of Mozambique bv E F w t j 
W KoH^. ■ 

( ) Lebi, MbuUa Range (vegetation omitted) 

w ■’“'i- 

inselbeig landjcane of eM^*" Af ^ “>”•«< snggestj that the 
under pre«S^l,^“" ^“.-nny not have developed 

coastal districts thi* ancient one. In some 

Tertiarv or r. * pediment continues beneath a cover of 
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[Dorien height Ltd, 

(B) Pillars of red sandstone, Monument Valley, Utah 


EROSION RESIDUALS CONTROLLED BY JOINTING 



{Dorien Leighy Ltd, 

(A) Stumpy finger-like inselbergs, Katscna, Zaria Province, N. Nigeria 


I 



[Dorien Leighy Ltd, 

(B) The Sugar Loaf, Rio de Janeiro, Brazil. An erosion residual of 

inselberg type 



Chapter XIV 


COASTAL SCENERY AND THE WORK OF 
THE SEA 

Shore Lines 

Nearly all coast lines have been initiated by relative move- 
ments between land and sea. A rise of sea level (see page 417), 
or a depression of the land, leads to the submergence of a 
landscape already moulded by sub-aerial agents. The drown- 
ing of a region of hills and valleys gives an indented coast line 
of bays, estuaries, gulfe, fjords, and straits, separated by head- 
lands, peninsulas, and off-lying islands. Very broad bays, 
like the Great Australian Bight, result from the submergence 
of plains. Coasts that have originated in these ways are called 
coasts of submergence. Conversely, a fall of sea level or an eleva- 
tion of the land and adjoining continental shelf leads to retreat of 
the sea and emergence of part of the sea floor. As the sea floor 
is essentially a realm of sedimentation its surface is generally 
smooth, and the resulting coasts of emergence have correspondingly 
simple, broadly flowing outlines. Other varieties of coast line 
include those determined by (a) volcanic activity ; {b) faulting ; 
(c) glaciation ; and {d) the growth of coral ree& and atolls. 

The general outlines of a newly formed coast are soon 
modified by marine erosion and deposition, with development 
of a wide variety of shore features and coastal scenery. By the 
incessant pounding of waves, which break up the rocks and 
wear back the clifE, the sea cuts its way into the land like a 
horizontal saw. The liberated rock fragments are rounded by 
innumerable impacts and continual grinding as the line of 
breakers is carried backwards and forwards over the foreshore 
by the ebb and flow of the tide. The worn-down material is 
supplied to currents which dispose of it, together with all the 
products of land-waste brought in by rivers and glaciers and 
the wind. Much of the sediment is carried into deeper water 
before it comes to rest out on the sea floor, but some is drifted 
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along the shore by waves and currents, to form shoals and 
beaches, and to build up bars and spits wherever the trans- 
{XMTting power is checked. Sheltered inlets thus barred off from 
die sea by long embankments of sand and shingle become silted 
up. In this and other ways {e.g. by the seaward growth of a 
delta) new land is added to the fiinge of the old in partial 
compensation for the losses suffered elsewhere. 

The waters of the seas and oceans readily respond by move- 
ment to the brushing of the wind over the surface ; to varia- 
tions of temperature and salinity ; and to the gravitational 
attraction of the moon and sun (combined with the earth’s 
rotation). The work of erosion, transport, and depmtion 
carried out by the sea depends on the varied and often mghly 
comploc interplay of the waves, currents, and tides that result 
from these movements. ' 

It may be noted in passing that lakes, especially the larger 
ones, behave in much the same way as enclosed seas. In 
consequence, the shore features of lakes and seas have much 
in common. A lake formed by obstruction {e.g. the lava- 
dammed Lake Kivu, p. 436) drowns the surrounding land and 
so acquires a shore line of the subme]:;gence type. A lake w^ch 
has shrunk from its former extent in response to climatic or 
other changes {e.g. the Great Salt Lake of Utah, p. 424) is 
margined by flats and terraces of sediment (Plate 63b), and so 
acquires a shore line of the emergence type. Tides are negligible 
in lakes, but seasonal variations of rainfall may cause the water 
to advance and recede over a tract of shore which is alternately 
covered and exposed, though less frequently than the tide- 
swept foreshore of a coast. Waves and currents operate 
exactly as in land-locked seas of similar extent and depth, 
and are responsible for erosion and deposition on a corre- 
sponding sc^e. There are, of course, important biological 
contrasts. The swamps into which shallow lakes degenerate, 
with their luxuriant growth of aquatic v^etadon and accumu- 
ladcms cff peat, are very different firom the mangrove swamps 
smd tidsd marshes that locally border the sea. On the other 
hptd, lake shorn have nothing to be compared with the coral 
(f tropical seas. 
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GENERATION OF TIDES 


Tides and Currents 

The tide is the periodic rise and fall of the sea which, ©a 
an average, occurs every 12 hours 26 minutes. Tides are 
essentially due to the passage around the earth, as it rotates, 
of two antipodal bulges of water produced by the differential 
attraction of the moon and sim. It is easy to understand that 
the water facing the moon should bulge up a little, but it is 
less obvious why there should be a similar bulge in the opposite 
direction on the other side of the earth. The basis of the 
explanation is that the water centred at A (Fig. 146) is attracted 
towards the moon more than the earth, centred at E, while the 



-• £M=60r ► 

BM=6/r ► ot'/iii 


Fio. 145 

Diagram to illustrate the generation of tides 

earth, in turn, is attracted more than the water centred at B. 
The water at the far side is thus left behind to almost the same 
extent as the water on the near side is pulled forward. From 
places such as C and D the water is drawn away and low tide 
results. As the earth rotates each meridian comes in turn 
beneath the positions of h^h and low tide nearly twice a day ; 
not ocactly twice, because allowance must be made for the 
forward movement of the moon. 

The effect of the sun is similar to that of the moon, but 
considerably less poweiiul. Whoi the earth, moon, and sun 
fall along the same straight line, the tide-raising forces of sun 
and moon help each other, mid tides of maximum rai^ 
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known as spring Hdes, result. When the sun and moon are at 
right angles rdadve to the earth, the moon produces high tides 
where the sun produces low tides. The tides are then less hi gh 
and low than usual and are called neap tides. 

In the open ocean the difference in level between high and 
low tide is only a few feet. In shallow seas, however, and 
especially where the tide is concentrated between conver ging 
shores, ranges of 20 to 30 feet are common and tidal currents 
are generated. A current of 2 miles an hour accompanies 
the inflowing tide as it advances up the English /Channel. 
In the Bristol Channel the spring tides reach a height of 42 
feet, and give rise to a current of 10 miles an hour. In extreme 
cases, such as the latter, where the tidal stream is crowded into 
the narrow end of a shallowing funnel, the water ^vances 
with a wave-like front of roaring surf which is known ^ a bore. 

Near the shore inflowing tidal currents are often sufficiently 
powerful to move shingle and so to scour the bottom and 
transport sediment inshore or alongshore. The complementary 
outflowing currents of the ebb tide are less effective as eroding 
and transporting agents, because they start in shallow water 
and advance into deeper water. Pebbles and sand are left 
behind, and only the finer material is drawn back. In esfuaries, 
where the outward flow of river water is added to the ebb 
current, transport is dominantly seaward. But since the fresh 
river water, carrying a load of silt and mud, tends to slide out 
over the heavier salt water which has crept in along the bottom, 
it is the upper suspended load that is mainly swept out to sea, 
while the coarser debris is stranded and tends to accumulate 
as sand bars. 

Currents of a convectional type arise as a result of variations 
in the density of sea water, brought about to a very slight 
extent by heating in tropical regions and cooling in polar 
r^ons, Imt far more effectively by changes of salinity. Such 
changes dq)end on (a) inflow of rivers, rainfall, and the melting 
of ice, all "of which ^hen the water ; and {b) evaporation, 
which increases the salinity. The dissolved salts in sea water 
have the following average composition, corresponding to a 
.salinity of 35 : 
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. [H,M. Geol, Survey 

Co) Recession of cliffi of glacial sands and gravels, 1936. South of 

Lowestoft, Suffolk 
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[H.M, GeoL Survey 

(A) Cave and inlet development in cliffs of Old Red Sandstone. 

The Wife Geo, near Duncansby Head 
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' [H.M, GeoL Survey 

(fi) Blow-hole or “ gloup ” due to collapse of roof of sea cave. 

The Devil’s Bridge, Holbom Head 
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SAJLINITY CURRENTS 


Sodium chloride 
Magnesium chlmde 
Magnesium sulphate 
Calcium sulphate 
Potassium sulphate 
Calcium carbonate 
Magnesium bromide 


Parts per 1,000 
Naa 27-213 

MgQ, 3-807 

MgSO^ 1-658 

CaS04 1*260 

KsS04 0-863 

CaCOj 0-123 

MgBr^ 0-076 


in Par^mdar Reg^ 
North Red Sea 41 

Eastern Mediterranean 39 

North Sea 34 

Near Greenland 31-33 
Black Sea 18 

Baltic Sea 2-8 


Evaporation over the Mediterranean lowers its surface and 
increases the salinity and density. Surface currents therefore 
flow into the Mediterranean through the Dardanelles from 
the Sea of Marmora and the Black Sea (where the evaporation 
is more than neutralized by the inflow of rivers), and through 
the Straits of Gibraltar from the Atlantic (Fig. 146). In each 



Fro. 146 

Salinity. currents of the Mediterranean and Black Seas. Water of low salinity 
(thin arrows) flows into the Mediterranean, and water of high salinity (thick 

arrows) Bows out 


case undercurrents of higher salinity flow outwards from the 
Mediterranean along the bottom. Shore deposits are affected 
by the surface currents, while in deeper water the floor is 
scoured by the bottom current. A similar interchange of 
water takes place between the highly saline Red Sea and the 
Indian Ocean, and also between the comparatively fresh 
Baltic and the North Sea. Since the less saline and lighter 
water always tends to spread over the more saline and heavier 
water, the surface current flows in all cases towards the region 
of higher salinity, while the bottom current is in the opposite 
direction. 

The prevailing winds and the configuration the conti- 
nents determine the superficial but gigantic eddies which 
constitute the main currents of the oceans. These have note- 
wmthy climatic and Inological effects, but are otherwise of 
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little geological importance. In the vicinity of land, however, 
the cpirents due to wind drift contribute to the general move- 
ments responsible for shore-line processes. 


Waves 


Apart from tidal effects and accidental disturbances 
sea associated with earthquakes and volcanic eruptions, 
are entirely due to the sweeping of winds over the suj 
the water. The surface is thrown into undulationi 
move forward and gradually increase in height and' 
The height of a wave is the vertical distance from tro^ 
crest (Ca in Fig. 148). The horizontal distance fro: 

Wave Length • 




>■ Direction of wave arfyance^**^ — 


Fio. 147 

Profile at a wave oscillation firom crest to crest, showing the directions of 
movement of water particles at various points ! 


to crest — or from trough to trough — ^is called the wave length. 
The height ultimately attained by a wind-driven wave, where 
it is not restricted by shallowing water, depends on the strength, 
diuration, and fetch of the wind, the fetch being the length of the 
open stretch of water across which the wind is blowing. When 
the loss of energy involved in the propagation of the waves 
through the water is just balanced by the amount of enei^ 
supplied from tiie wind, the hdght reaches its maximum. At 
this limit the 'height in feet is, numerically, roughly half the 
if^peed of the wind in miles per hour. Xn the open ocean heights 
6 to IS feet are conunon, increasing to 40 or SO feet in severe 
itorms. The corresponding wave lengths rimge from 200 to 
700 feet, and the speeds from 20 to SOT miles per hour. Waves 
may travd into regions of calm weather far beyond the fetch 
of wind in which they were generated, thus giving rise to a 
gmcRdmdl. The “ free ” waves a groundswell gradually 
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flatten out relative to the “ forced ” waves of the high seas 
from which they spread, and wave lengths of 1,000 feet or 
more are then not uncommon. 

It is important to realize that in the open sea — ^apart from 
wind drift — ^it is only the wave form that moves forward, not 
the water itself. Each particle of water moves round a circular 
orbit during the passage of each complete wave, the diameter 
being equal to the height of the wave (see Figs. 147-148). This 
is demonstrated by the behaviour of a floating cork imder 
which a train of waves is passing. Each time the cork rises 
and falls it also sways to and fro, without advancing appreciably 
from its mean position. Such waves are called voam of oseilla- 



Diagram showing the orbit of a water particle during the passage of a wave of 
oscillation. A, B, G, £ mark successive positions of the crest ; a, b, $ 
are the corresponding positions of the particle. A£ — wave length ; Ca = wave 

height 

Hon. If the wind is strong, however, each water particle 
advances a little farther than it recedes. Similarly, in shallow 
water, where friction against the bottom begins to be felt, each 
particle recedes a little less than it advances. In bolli cases the 
orbit, instead of being a closed circle, then resembles an 
ellipse which is not quite clos<;d and the water therefore slowly 
drifts forward in the direction of wave advance. 

When gusts of wind brush over a field of com the stalks 
repeatedly bend forward and recover, and waves visibly 
spread across the surface. Here it is obvious that the wave 
motion is not confined to the surface, since it is shared by the 
stalks right down to the grotmd. In the same way the energy 
contributed by the wind to a body of water is transmitt^ 
downwards as well as along the surface. Owing to fiictkm 
the diameters of the orbits rapidly diminish in depth until at 
a dq)th of the same order as the wave length they become 
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negligible. The greatest depth at vduch sediment on the 
sea floor can just be stirred by the oscillating water is called the 
wcm base. In shallow seas and on the continental shelf, where 
the depth of water is less than this (i.e. less than about 600 feet), 
pebbles, sand grains, and mud particles can thus be kept moving 
until ciurents roll or waft them to depths where they remain 
at rest, imdisturbed by wave action. Off Land’s End stones 
up to a pound in weight are sometimes washed into lobster 
cra\ds at depths of 100 to 200 feet. Mud particles may even 
be kept on the move until they are qxuetly dropped o(ver the 
edge of the continental shelf. 



Fig. 149 | 

Wave refraction. Diagram to illustrate the swing of oblique waves towards 
parallelism with the shore. While the crest at a advances to a\ the crest at b 
(in shallower water) advances a shorter distance to b', and so on. The crest 
lines abed thus become curved as shown 

and in consequence, as the water shallows, the waves in firont 
are retarded and the wave length decreases. For this reason, 
as a wave approaches a shore line obliquely its crest line swings 
towards parallelism with the shore, as shown in Fig. 149. 
The effect of wave retardation off an indented coast is illus- 
trsUed by Fig. 160. The waves advance more rapidly through 
the deeper water opposite a bay than through the shallower 
water opposite a headland, '^us the crest of a wave at a 
moves to a', whil,e the crest at b moves only to b'. The waves 
flfaeus become ciun^ or refracted, again towards parallelism with 
tibe shore line. Consequently, when the shore is reached by 
a wave such as a ^ r i «, all the energy ftom the long stretch ae 
is. concentrated (m the headland AC (smd that from 3e on DE). 
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In contrast, the very much smaller amoimt of energy from the 
short stretch cd is spread around the shores of the bay from 
G to D. Thus, while headlands are bong vigorously attacked 
by powerful waves, the bays are not unduly disturbed and 
their waters provide safe anchorage for vessds shdtering from 
a storm. In the same way waves entering a harbour between 
the piers spread out and merely ruffle the water inside. 

When a wave reaches the foreshore and enters water of 
which the mean depth is about the same as the height of the 



Fio, 150 

Refraction of waves approaching bays and headlands, showing the concentration 
of wave energy against the headlands and its diffusion around the shores of the bays 


wave, it becomes a bretdcer. The amount of water in front 
being insuffldent to complete the wave form, while the orbital 
motion still continues, the crest is lefr unsupported and fdunges 
over. The surface water then surges forward as a turbulent 
dieet of surf. The wave of oscUlcdion has passed into a wave oj 
translation. It is the bodily advance of the water in this kind 
of wave that makes surf-riding possible. The final uprush or 
swash on a shelving beach is followed by a backwash, as the 
water returns down the slope. 

Surf waves pile up die water s^ainst the coast, and onshore 
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cnrreiits, especially the drift maintained by winds blowing 
strongly towards the shore, have the same effect. This tendency 
to raise the sea level is counterbalanced by a compensating 
current, called the undertow, which flows along the bottom 
away from the shore. The undertow is a pulsating current, be- 
coming stronger imder the wave trough, where it is reinforced 
by the orbital motion of the water, and correspondingly weaker 
under the crests. It also tends to be concentrated along hidden 
depressions on the sea floor. The undertow is often a source 
of serious peril to bathers. 

Marine Erosion 

The sea operates as an agent of erosion in four dil^erent 
ways : 

(fl) by the hydraulic action of the water itself, involving the 
picking up of loose material by currents and waves, and the 
shattering of rocks as thewaves crash, like giant water-hammers, 
against the cliffs (Plate 66a) ; 

(b) by corrosion, when waves, armed with rock fragments, 
hurl them against the clifis and, co-operating with currents, 
drag them to and fro across the rocks of the foreshore ; 

(c) by attrition, as the fragments or “ tools ” are themselves 
worn down by impact and friction ; and 

(d) by corrosion, i.e. solvent and chemical action, which in 
the case of sea water is of limited importance, except on lime- 
stone coasts. 

The destructive impact of breakers against obstructions is 
often far greater than is generally realized. The pressure 
exerted by Atlantic waves averages over 600 lb. per square 
loot during the summer, and over 2,000 during ^e winter, 
vdiile in great storms it may exceed even 6,000. Thus, not 
CHiiy difls, but also sea walls, breakwaters, and exposed hot- 
houses are subjected to shoc^ of enoimous intensity. Cracks 
aitd crevices are quickly opened up and extended. Water is 
fi^l% driven into every openmg, tightly compresOtg the air 
wiffiin the rocks. As each wave te^es the com- 
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pressed air suddenly expands with explosive force, and large 
blocks as well as small thus become loosened and ultimatdy 
blown out by pressure from the back. The combined activity 
of bombardment and blasting is most effective as a quarrying 
process on rocks that are already divided into blocks by 
jointing and bedding, or otherwise fractured, e.g. along faults 
and crush-zones. 

Cliffs originate by the imdercutting action of waves {gainst 
the slopes of the coastal land. By coUapse of the rocks over- 
hanging the notch which is excavated at the base of the clifl&, 
the latter gradually recede and present a steep face towards 
the advancing sea (Plate 68b). But where the cliffi are pro- 
tected for a time by fallen debris, and especially if they are 
composed of poorly consolidated rocks, the upper dopes may 
be worn back by weathering, rainwash, and slumping. At 
any given place the actual form of the cliff depends on the 
nature and structure of the rocks there exposed, and on the 
relative rates of marine erosion and subaerial denudation. 
Since there are few stretches of coast along which the rocks 
are equally resistant, coasts are generally worn back with 
pronounced irregularities. Caves are excavated in belts of 
weakness and especially where the rocks are strongly jointed. 
By subsequent roof collapse and removal of the debris long 
narrow inlets develop. In Scotland and the Faroes such a 
tidal inlet (Plate 67a) is called a geo (“ g ” hard — ^Noree, gya, a 
creek). A cave at the landward end of a geo— or indeed any sea 
cave — ^may communicate with the surface by way of a vertical 
shaft which may be some distance from the edge of the cliff. 
A natiiral chimney of this kind (Plate 67b) is known as a bhw 
hole or gloup (a throat). The opening is formed by the falling 
in of joint blocks loosened by the hydraulic action of wave- 
compressed air already described. The name bkm hoU refers to 
the fact that during storms spray is forcibly blown into the air 
each time a foaming breako: sm^ through tire cave boieath. 

When two caves on opposite sides cff a headland unite, a 
natural arch results, and may persist for a time (Hate 68a). 
Later the arch fells in, and the seaward portion of t^ headland 
then remains as an i^dated stack (Plate 68b). Wdl known 
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PLATE 69 



[H.M, GeoL Survey 

(A) Wave-cut platform cut across isoclinally folded Silurian strata, near 
St. Abb’s Head, Berwickshire 
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(B) Chalk cliffs, showing dry valleys left ** hanging ” by recession of cliffs. 
Wave-cut platform and shingle beach in front. The Seven Sisters, Sussex 


COAST EROSION 






SHORE PLATFORMS 


examples of stacks are the Chalk pinnacles at the western 
extremity of the Isle of Wight known as The Needles (fig. 161), 
and the impressive towers of Old Red Sandstone in the Orkneys, 
one of which, 460 feet high, is called the (^d Man of Hoy 
(Fig. 162). 

As the clil& are worn back a wave-cut platform is left in 
front (Fig. 163), the upper part of which is visible as the rocky 
foreshore exposed at low tide (Plate 69). There may be 
patches of sand and pebbles in depressions, and beach-like 
fringes strewn with fallen debris along the foot of the clifi&, 
but all such material is continually being broken up by the 
waves and used by them for further erosive work, until finally 
it is ground down to sizes that can be carried away by currents. 
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Diagrammatic section showing a stage in the development of sea cliff, wave-cut 
platform, and wave-built shore-face terrace 

While all this is going on the platform itself is being abraded 
as debris is swept to and fro across its surface. Since the 
outer parts have been subjected to scouring longer than the 
inner, a gentle seaward slope i^ developed. In massive and 
resistant rocks this is an extremely slow process. Consequently, 
as the difis recede and the platform becomes very wide, the 
waves have to cross a broad expanse of shallow water, so that 
when they reach the cliffr most of their energy has already 
been dissipated. Thus the rate of coast erosion is automatically 
reduced. In high latitudes, however, the cliffi may sdU 
continue to be worn back by frost and thaw, provided that the 
waves are able to remove what would otherwise become a 
protective apron of scr^ The wave-cut platform off the rocky 
coast of west and nmih-west Norway — ^there known as the 
sbmtflai — has reached an exceptional width by this co- 
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S.W. 





Fio. 154 

Section across the strandflat nordi of Bergen, Norway. Length of section 32 miles. 

(After F. Mmsm) 


operation of processes, locally up to as much as 37 miles. It 
now stands slightly above the present sea level (beckuse of 
recent isostatic uplift) and innumerable stacks and sker^es rise 
above its surface (Fig. 154). 

On the other hand, if the sea is encroaching on a c^ast of 
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tbe coast erodon and lost viliag«( of HiddcnwB once Rixmaa time* 
(4/^ T. Slu^ari^ 
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poorly consolidated rocks, the platform in front is much more 
quickly abrad«l and normal coast erosion proceeds vigorously 
(Hate 66b). In some localities the inroad of the sea reach 
farming proportions. The most serious loss of land in Britain 
is suffered along the Yorkshire coast south of Flamborough 
Head, where the waves have the easy task of demolishing glacial 
deposits of sand, gravel, and boulder clay. Since Roman 
times this 35-mile stretch of coast has been worn back 2| or 
3 miles, and many villages and ancient landmarks have been 
swept away (Fig. 166). During the last hundred years the 
average rate of cliff recession has been 5 or 6 feet per year. 
The rate is not uniform, however, for severe storms and localized 
cliff falls do more damage in a short time than is otherwise 
accomplished in several average years. 


The Profile of Equilibrium 

In appropriate circumstances some of the sediment in 
transit across the wave-cut platform accumulates in the deeper 
water beyond, to form a shoreface terrace which grows forward 
like a broad embankment with its upper surface in smooth 
continuity with the platform. The combined shore and off- 
shore surface in this case, as in others, is a product of the joint 
action of erosion and deposition, each of which varies con- 
siderably from time to time and from place to place. The 
supply of sediment, for example, is irregular both in rate and 
distribution, since contributions are received from rivers and 
currents as well as from cliff wastage and platform abrasion, 
all fluctuating sources of income. The processes concerned 
in the removal of sediment — also widdy variable — ^are them- 
sdves largdy controlled by the slope of the shore and its sea- 
ward continuation — ^that is to say, by the profile cff the surface 
taken at right angles to the shore. A rdadvdy steep slope 
favours removal of sediment from the landward side, so that 
the slope becomes less steep. Gonveisdy, a rdativdy gentle 
dope favours beach deposition on the landward side, so that 
die dope becomes steq>er. The sur&ce is therefore being 
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eontinually modified, and in such a way that at each point it 
tends to acquire just the right slope to ensure that incoming 
supplies ci sediment can be carried away as fast as they are 
received. When the profile is so adjusted that this state of 
balance is achieved, it is called a projile of equilibrium. 

For every set of conditions there is an appropriate profile 
of equilibrium and, as the conditions vary, so the actual profile 
is modified to keep pace with them, generally by fluctuations 
about an average which is fairly stable. i 

Along a shore of submergence the slope of the I initial 
surface may be either steeper or gentler than that of the ideal 
profile of equilibrium. Suppose AB in Fig. 156 represmts a 
steep initial slope. In transforming this into the prome of 
equilibrium CD, the waves cut a diff-backed platform\and 



Fig. 166 Fio. 167 


Hie development of a profile of 
equilibrium CD from a more steeply 
sloping initial surface, AB 


The development of a profile of 
equilibrium cd from a more gently 
sloping initial surface, ab ' 


wear it down by abrasion, and the resulting sediment is de- 
posited as a shoreface terrace, as already illustrated in Fig. 163. 
If conditions then change so that the profile already in existence 
{ab in Fig. 167) is less steep than the new profile of equilibrium 
ed, then the platform is built up by deposition of sediment. 
Thus it commonly happens that a wave-cut platform is partially 
or wholly covered with a veneer of beach material. 

Next, suppose ab represents an initial slope that is relatively 
gentle — ^as what a broad valley becomes a bay by submergence. 
In transforming this into the profile of equilibrium cd, waves 
and currents build up a beach around the shores of the bay. 
Ibiitial surfaces that may be almost fl§t are provided by the 
drowning c£ extensive alluvial plains, and cm a still more 
widespread scale by uplift of the sea floor. In these cases, as 
d<;gcribed on pi^ 304, barrier beadies, called offdme bars, 
to devdc^ fiur fix>m the ill-defined mainland, and loose 
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(A) A bay scooped out by the sea, Lulworth Cove, Dorset (see also Plate 7) 





PLATE 71 



[/. C. Russell, US, Geol. Survey 
(A) Hook or recurved spit, Duck Point, Grand Traverse Bay, Lake Michigan 



Crown Copyright Reserve^ [H.M, Geol, Survey 

(B) Chesil Beach, viewed from the West Cliff, Portland, Dorset 
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sedimeat from the sea floor is driven landwards. As the waves 
lose energy the sediment is deposited long before the shore is 
reached, and the submarine foundations of an offshore bar 
are laid. The further development of these constructions is 
described on pages 304-6). 


Transport and Deposition Transverse to the Shore 

Leaving the longshore drift of sediment to be considered 
later, let us now review the actual processes that control the 
seaward and landward migration of beach and terrace material. 

In bays where the initial slope is gentle, the landward 
currents due to translatory waves and inflowing tides are at 
first more effective on balance than the weak seaward currents 
due to undertow and outflowing tides {cf. page 286). A beach 
is therefore built up to the equilibrium profile. The most 
obvious landward movement is seen when the uprush d a 
breaker sweeps a mixed assemblage of sediment up the beach. 
Some of the coarser material, often including cobbles and 
pebbles, is left stranded at the top, while the rest is dragged 
back by the backwash. Storm waves at specially high tides 
thus build up a coarse storm beach well above the reach of 
ordinary waves and tides. Once the beach profile is adjusted 
to average conditions any additional supplies of sediment are 
removed, either by seaward currents (which now have the 
advantage of gravity owing to the steepened slope) or, when the 
sand is dry, by wind. 

If the prevailing winds drive the beach sand landwards 
to form a belt of sand dunes, the profile is restored by com- 
pmsating additions fix>m the sea floor. Such landward 
migration is convincingly demonstrated by the existence of 
beaches and dunes that are largely composed of ground-up 
shells that could only have come fixrni the sea floor. Excellent 
examples occur at St. Ives and Perranporth along the north- 
west coast of Cornwall. 

The undertow, assist^ by ou^wis^ tules, carries sand 
ami finer sediment seawards, and very large qusmtities may 
be scoured away from the b^h when onshcne gales raise the 
<■0 ao 
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head Wator against the coast, and So maintain a poweifid 
undertow. During such storms beadies become thinned and 
considerable patches may be entirely removed for a time. But 
gradually the beaches are built up again, restored by waves 
and currents, including shoreward undercurrmts set up by 
of&hore winds which lower the head of water against the coast. 
Beach growth is thus particularly favoured by gales blovying 
ofi&hore. It should be noticed that the hydraulic currents 
along the sea floor always transport material in the direction 
opposite to that of the wind. 

Interf«:ence with the natural profile by ofi&hore ddedging 
may increase the undertow to such an octent that thq beach 
is withdrawn imtil the artificial depression is filled ujb. In 
1896, for example, dredging was started off the coast no^ of 
Start Point to furnish shingle for use in the harbour works 
at Plymouth. As a result the beach at Hallsands began to dis- 
appear, cliff erosion became an ever-increasing menace, and 
in 1917 the village itself was washed away. 

Off headlands the sea floor often shelves comparatively 
steeply to begin with and the seaward currents are the more 
effective ones from the start, a strong undertow being favoured 
both by wave concentration and gravity. Figs. 163 andj 156 
illustrate the results. The boulders and large pebbles that 
remain for a time under the clifft are steadily reduced in size 
until they are sufliciently ground down to be removed. A 
shingle beach is simply a transitional stage through which the 
larger firagments of cliff debris must pass before begimung their 
seaward journey. 

Ultimately the ofl&hore slopes, though fluctuating from 
time to time, everywhere become adjusted into approximate 
equilibrium with die locally prevailing conditions. There is 
then a slow seaward migration of material at the expense of 
die wasting land. The transitory coarser debris is concen- 
trated against the land, while the finest parddes are swept out 
to sea, with, much to-and-firo movemmt on the way, until 
each in turn passes beyond the range o£ wave and current 
action and fin^ a resdng-place, dth^ by burial or by bring 
swept over the edge of the condnenml shelf. There is always 
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a tendency for some the material to be carried to a depth 
fiom which it cannot be returned, because gravity assists the 
outward and hinders the inward movements. Mmrover, the 
currents and wave oscillations rapidly weaken as the depth of 
water increases. It thnefore follows that for each intenhediate 
depth on the condn^tal shelf there is a particular size q £ 
particle that is just too large to be returned landwards. Thus, 
during the outward migration of grains and particles of varied 
sizes, each size in turn, from large to small, tends ultimately 
to come to rest. There is inevitably a certain amount of over- 
lapping of sizes, owing to variations of movement along the 
sea floor, and also because at any depth finer particles may be 
trapped in the interstices of the coarser material, so that sorting 
is never quite perfect. But with this reservation the sediments on 
the sea floor are found to become finer and finer as the depth 
increases ; the full outward sequence being boulders, cobbles, 
and pebbles ; coarse, medium, and fine sands ; and mud. 
The corresponding consolidated rocks are conglomerates, sand- 
stones, and shales or mudstones. 


Transport and Deposition along the Shore 

Longshore drift of sediment is brought about in two ways : 
by beach drifting, due mainly to oblique waves, and farther 
out, by transport due to longshore currents. When waves are 
driven obliquely against the coast by strong winds, debris 
is carried up the beach in a forward sweeping curve. The 
backwash may have a slight forward movement at the start, 
owing to the swing of the water as it turns, but otherwise it 
tends to drag the material down the steepest slope, until it is 
caught by the next wave, which repeats the process (Fig. 158). 
By the continual repetition of this zig-zag progress simd and 
shingle are drifted along the shore. 

The direction of drifting may vary fiom thne to time, but 
along many shores there is a cumul^ve movement in one 
direction, controlled by the prevailing or most effective winds. 
A subsidiary factor which aids or hindm beach drifting is the 
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direction of the advancing flood tide. Some q£ the trtmsported 
material dropped before or during the slack at high tide is 
carried back again by the sluggish b^nnings of the ebb-tide 
curroit Farther out from the shore, wherever the general 
configuration of the coast is favourable, oblique winds and 
waves co-operate in generating intermittent and fluctuating 
longshore currents which again may be strengthened or 
weakened by the set of the tides. Thus longshore diifl is by 
no means confined to the immediate shore line. 

In the English Channel the dominant winds and the ad- 
vancing tides both come from the south-west, and the prevailing 
direction of drift is therefore up channel. Along the eait coast 
the drift is mainly southwards, as there the effective wiqds are 



Wind 


Direction 


Direction of Uprush 
of Oblique Waves 


Fig. 158 


Diagram to illustrate beach drifting, showing the path along a sloping beach, 
followed by a pebble imder the influence of the uprurii and backwash of succosive 
oblique waves dining an advancing tide ! 


from the north-east, and the flood tide advances from the 
north. Wherever it is deemed desirable to protect the coast 
by checking the drift of sand and shingle, barriers, known as 
groynes, are erected across the beach. On the windward side 
of a groyne the debris is heaped up, while from the lee side it 
is washed away, to be retained in turn by the next groyne 
(Plate 70 b). The groynes as a whole interrupt the natural 
flow of material necessary to maintain the beaches farther along 
the coast Where the beaches are starved and drift away, as 
a result cff artifidtd interference with the balance of deposition 
and oosion disewhere, the coast is exposed to more vigorous 
wave attack._ Thus to the east tff such places as Brighton and 
Wcnthing the wasri^ of the cti£& has~mriouriy increased since 
groynes wore built to protect these resorts. 

. When shore drift is in progras along an indented coast, 
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spits and bars are constructed as well as beaches. Where the 
coast turns in at the entrance to a bay or estuary the materisd 
transported by beach drift and longshore currents is carried 
more or less straight on and dropped into the deeper water 
beyond. The shoal thus started is gradually raised into an 
embankment This grows in height by additions from its 
landward attachment until a ridge of sand or shingle is built 
above sea levd in continuity with the shore fi:om which the 
additions are contributed. The ridge increases in length by 



Fio. 169 

Diagram to illustrate the development of a hooked spit by the refraction of 

oblique waves 


successive additions to its end, xmtil waves or currents firom 
some other quarter limit its forward growth. 

If the ridge terminates in open water it is called a spit. 
Storm waves roll material over to the sheltered side, especially 
when they approach squarely, and some spits thus tffiad to 
migrate landwards, often becoming curved in the process. 
Curvature is also brought about by the toidoicy of oblique 
Waves to swing round the end {ue. to be rdract^) in places 
where the sra floor beyond shelves rapidly into deeper water. 
A spit may thus be developed into a hook, as in^cated in 
Fig. 169. Cross currents may asdst or modify Imok formatioi^ 
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but it ip dear that they cannot be auendal, for hooked spits 
are equally characteristic along the shores of large lakes where 
tides are absent and currents are negli^ble (Plate TIa). 

A good example of a curved spit is Spurn Head (Fig. 15{»), 
which extends into the Humber in stream*Uned continuity 
with the Holdemess coast. The latter is almost everywhere 
fiinged with sand and shingle that diifb steadily from north 
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River Yare, Norfolk River Aide, Suffolk 


Examples of river deflection and extension in East Anglia by the southerly 
growth of sand and shingle spits. (Both drawn to same scale) 

to south, fresh supplies being constantly furnished by the rapid 
ooskm of the coast. Most of the transported material is 
carried beyond Spurn Head, cumbering the estuary with 
shoals on its way towards the Lincolnshire coast, where it is 
added to tiw seaward-growhig coasts^ flats. 

Southward drift a also vary active along the east coast of 
Noifidk and Suffolk. Ten craturies ago the Yarmouth sands 
"^ijad i^wady spread across the estuary ^ the Yare, forming an 





sms AKD BA3KS 


obstruct wMch was largely responsible for the silling 
dt the ^mds. About the year 1016 a barrier spit be|^ to 
grow to the south, buying the coast as dosdy as possiUe, and 
die river, chverted into a channd betwera die mainland and 
the spit, was obliged to extend itsdf southwards. By 1347 
the end of the spit and the outlet of the riv« had reached 
Lowestoft Since 1660, however, an artificial oudet has been 
maintained at Gorleston, where the spit now terminates, since 
the rest cd'it has long ago drifted south (Fig. 160). At Aldeburgh 
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Spits and bars along the south coast of the Baltic 


the loi^est spit on the east coast has similarly diverted the 
oudet of the River Aide (Fig. 161). 

A bar is a spit which extends from one headland to another, 
or nearly so. If the bay inside is completely enclosed it be- 
comes a shore-line lake. More usually, however, a narrow 
channel is kept open by tidal scour and outflowing drainage. 
Between Danzig and Memel, on the south Baltic coast, there are 
two very long bars, surmounted by sand dunes, with extensive 
tidal lagoons, called “ hafl&,” on the landward side (F%. 162). 
A' beautiful example df a bar in Zcdand is illustrat«l in Fi^. 
1^. A similar construction of sand or shingle connectii^ a 
headland to an island, or one island to another, is a cmwHng 
bar or teoMo (Italian). 
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Bar, 10 miles long, across Lon Bay, Iceland 




By far the most impressive shingle bar in Britain is Ghesil 
Beach (Fig. 164). For six miles south-east of BridportI the 
Beach hinges the shore. Near Abbotsbury the shore recedes 
and for the next eight miles the Beach continues in front of the 
tidal lagoon of the Fleet as a bar well over 20 feet in height. 
Finally it crosses two miles of sea to the “ Isle ” of Portland, 
which is thus tied to the mainland. Ghesil Beach is a com- 
posite structure, its shingle having accumulated from local 
sources as well as by drift from each aid. At the north-west 
Old there are pebbles of rocks from GomwaU and Devon ; 
at the south-east end much larger pebbles have been supplied 
^m the Portland promontory (Plate 71b), where the beach 
drift is northwards ; while between these extremities the 
pebbles . are relics from the land, now eroded away, that 
ftumaiy stretched in fix>nt the Fleeh. Although towards the 
Portland end the Beach rises to the quite cscepdonal hdigfat 
eC ova 40 fert, the sea sometinws bursts over it diving great 
and pairs throi^h breaches mtb tlw low-lying aiea 
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Map of Ghoil Beadi, Donet 


beyond. Since two villages were demolished in 1824, the worst 
disaster of this kind occurred late in 1942, when the railway 
between Portland and Weymouth was partly washed away 
and the lower parts of Portland itself were seriously flooded. 


Shore Lines of Submergence 

At the present day shores of submergence are the commonest 
types, because of post-glacial changes in sea level. Although 
many coasts are actually of compoimd origin, partial recovery 
from former submergence being indicated by raised beaches 
(Plate 6), on balance they stfll remain partially drowned. 
Moreover, the occurrence of buried forests locally demcmstrates 
a quite recent phase of submergence. If a future change (£ 
climate led to the melting of the ice sheets of Greenland and 
Antarctica still further submergence would result. 

Along coasts of “ Atlantic ” type, that is, where the trend 
lines of an orogenic belt are transverse to the coast, drowning 
gives an alternation of long promontories and estuaries. The 
latter are called ms, the name given them in Spain, where they 
occur south of Gape Finisterre. The south-west coast rflrdand 
(Cork and Kerry) is a perfect example tj £ this type (Fig. 165). 
Along drowned coasts of “ Pacific ” type, where the structural 
grm is parallel to the coast, long islancfr aiui inlets fiillowmg 
the trend lines are characteristic, as exemplififid by the Dal- 
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^tian doast at Adriatic (Fig. 166). W]bei« deeply cat 
gladated valle^ have been invaded by the sea afto: the meltii^ 
^ die ^laders a^ord type of coast r^ults (Fig. 117), as described 
already on page 224. ' 

The first eifisct of marine erosion on a newly formed coast 
of submatgaice is often to intensify all the inidd irregulariries 
<rf outline. Where the;r<toks vary in structure and resistance 
the waves pick out all the difiermices. Soft and fissured rocks 
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Atlantic type of coast, south-west Ireland 

sue worn back into coves and bays, while the harder and more 
massive rocks stand out conspicuously. The Dorset coast 
north-east of Portland show^ diis process in active operation. 
Hoe thoe is a kaig coastal strip of soft .Lower Cretaceous beds, 
bsMcked on the landward side by an upland of Chalk, and 
fi»cm«dy proteded fi:om the sea by a jgontinuous rampart of 
hard up^ded Jurassic limestones. Ihe s^ has breached the 
hotter in |daces and scooped out the sdfio' rot^ behind. The 
^jpur (Hade ?) illustrates the bmaching sta^, Md lad- 
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worth <^e (Plate 70a) is a beautiful example of a scooped<ottt 
bay. 

Evdttually, however, eroaon and dep<»iticm co-fl^;xrate to 
snmoth out all- the -intiicate outlines of a youthful ^ote line. 
As the headlands recede before the concentrated attack of the 
waves the stretches of cliffi become loiiger and straighter. 
Spits and bars bridge across the bays and inlets, and gradually 
mcroach upon them as they keep in line with the retreating 



Pacific type of coast, Yugoslavia 


difE. Thus protected, the embaym»its are shoaled up by 
additions from streams on the cme hand and fiom wind-blown 
sand on the other, until with the aid of salt-marsh v^etatkm 
the coast is built out to coalesce with the outer beach and its 
sand dunes. A coast of smoothly flowing outlines is thus 
^dved. Thertsdler the shore line o>ntinues to repeat as a 
vdible, and finally all signs d the or^nal mbayments may 
be obliterated, at which stage the leagthoting cliffif become 
ctmtimmus (Plate fida). 

: The 'banier zeefi ami atdh warm seas whece corais 
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iloun^yi are oaistructiohs which have been built up under 
conditions o£ submergence. Coral reefi, however, are produds 
life and are more appropriately dealt vdth in &e next 
dbapter. 

Shore Lines of Emergence 

Typical shore lines of emergence are not common at 
present, because they require upl^ to an extoit sufficient to 
overcome the effects submergence due to recent chafes of 
sea levd. Finland, for example, is steadily rising isosta'^ally, 
and the south and south-west coasts are hinged with t^ of 
thousands of islands as a result of the emergence of the higher 
parts of a hummocky ice-moulded surface. But althpugn this 
archipelago owes its existence to emergence it is merely part 
of a drowned land surface that is now less drowned than 
formerly. 

A really typical shore line of emergence is one in which 
die sea floor with its veneer of sediments has been uplifted 
to form a nearly flat coastal plain with a smoothly flowing 
shore line maigined by widespread stretches of shallow water. 
The Atlantic and Gulf coasts of the south-eastern United States 
and the Argentine shore of the River Plate are of this type. 
In acccnrdance with the principle illustrated in Fig. 157 loose 
sediment from the sea floor is driven Ismdwards in the process 
of restoring a profile of equilibrium. But here the waves may 
b^^ to drag the bottom many miles from the low-lying main- 
land. As the waves lose energy in crossing the shallows, much 
c£ the sediment is deposited long before the shore is reached, 
and thus the foundations of a hrrier beach or off-shore bar are 
laid. How these constructions come to have their heads raised 
above w:ater (Fig. 167) is not yet clearly established. An 
jiHdinary storm b^h is formed at the upper landward limit 
resuhed by the wavo. But as soon as a growing off-shore bar 
iud read^ acotain levd it is swept byJbreakecs, and mtuoial 
k thoi tio^ly tt^msfenred fixim the outer to the ini»sr side. 

bar .i^us towards the shoie like a sulnnarine 

Siidt dtk^ add it oumot beomie/ t^er . ffian- a sub- 
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Barrier beaches and swamps along die coast of North Carolina 


marine feature until some odier constructive factor begins to 
c^erate. 

This additional factor is probaUy beach driiting. Accord- 
ing to tliis view (which still reqtuies to be verified by obaerva- 
ticm) one stretch a migrating off-shore bar soon reaches an 
outward bulge the coaiA, and is there constructed into an 
(»dinary beach. Fkbm tins point one arm of the bar can then 
be built above sea level Ifite a l^igthening ^t, until it reaches 
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iJbe ao^.lNiIge Df the co^ aad becdmcs a compie^ banior 
bcadi, steetd^Dg across a broad shaiOow embayiaent which 
dhiffi becomes ziigwn. The bar may be breached occasionally 
storm waves^ but aDy such break is sotmer or later repaired 
by later drift. 

Where the bar is iii contact with the coast, the latter is 
oroded back and the bar, being tied to it, continues to encroach 
<m the lagoon. Meanwhile, the lagoon itself is silted up with 
material thrown over the bar by the waves and brought in at 
the head from the land, until it becomes a salt marsh with a 
seaward belt of sand dimes. Eventually all these features 
continue to be cut back by the sea and a nearly straight 
beach-fringed coast is developed. The famous beacl^ of 
Daytona, Palm Beach, and Miami in Florida are ofFfshorei bars 
which are now nowhere fru: from the land and in many places 
make contact with it. ' 

SUBMAEUNE CANYONS 

More than half a century ago it was discovered by soundings 
that the Hudson and Congo valleys continue over the sea floor 
as submarine trenches which interrupt the supposedly featiiire- 
less floor of the continental shelf and become comparable in 
their dimensions with deep canyons where they traverse the 
continental slope beyond. One hundred and twenty miles 
south-east of New York the Hudson submarine canyon is now 
known to be GO miles long, 6 miles across from rim to rim, 
and 8,700 feet deqj (measured from the rim). The Congo 
example is on an even vaster scale. These submarine canyons 
were ruUuraSy a source of great perplexity, and as other 
exampleB came to be found elsevdiere the mystery of their 
Origin presented geo^gists with a challenge of iimreasing 
nigeiwy. 

. Ab^t 1930 aounding cearod to be a slow and tedious 
process with-Che invention an in^iunait that makes it 
peinlde to mearore the depth by tixmng the intervd required 
'pi a soirnd to t}re sea floor and to be reflected back as 
S'px eehoi^ SahiotAea detailed eiqiloratioiui of the segkdoor by 
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<(sdio soitndiii^ bave hcea actively carried oat in a number 
of ^ect^ but vdddy separated regions. Although less 
one per cent, of the continental shelf and slope has so far been 
systematicaHy nirveyed in this way, more than a himdred 
^bmaiine canyons have already beim accuratdy diarted. 
They occur oflF coasts of all kinds, and every continent provides 
examples, except Antarctica, the marg^ of which have not 
yet been tested. Some are in line with great rivm, but far 
more b<^^ on the continental shelf, often fkr out, without 
rdation to the drainage firom the land, and all of them become 
features of vigorous relief on the steeper surfaces the conti* 



Chart of the submarine canyons off the Californian coast between San f^andaco 
and Los Angeles, showing the maximum depths to which they have been explored 

nental slope, which thus turn out to be far more rugged than 
anyone could have suspected. A dendritic system of tributary 
valleys, as illustrated in Fig. 168, is characteristic. The result- 
ing submarine topography closdy resembles that dT a land 
surface dissected by river ODsion. The main canyons are 
broad, steq)-sided, V-shaped gashes excavated in the sea floor 
to depths of as much as 4,00(1 feet below the rim. Some 
examples have been traced to dejmhs of over 10,000 feet below 
sea level, but their terminations cm (he deqp ocean floc^ sdll 
ranahi unfathomed. Samples dredged from the walls show 
that these amazing canyons 9Xt geolopcally quite ydui^. 
Flio<^e marine be^ have been cut through a^ a cosing of 
fresh mud vsggmts that at least staas c£ the caayims are now 
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ifilM ]:a£ber »<ayated. It is tfaoMbie {HobaUe 
tliat the«any<om originated daring Pldbtocene rime. Bnt how? 

The canyons must have beds fimned either above or bddw 
rite sea. If abtwe, then dther the sea flom must have bedi 
raised or the sea level must have fallen by at least 10,<K)0 feet. 
Each o£ these alternatives is equally prepostm>us. There is 
not the slightest evidence that any cf the coasts amcerrled 
were puriied up a cou]rie of miles and tfaoi rdrtored to thrir 
present positions shorriy afterwards, and the idea that this 
could have happoied over the wmld is piudy fanatic. 
Lowering of the sea by 10,000 feet would imply that about 
thirty rimes as much water was precipitated on the laims in 
the form of continental ice sheets as we have any right to asmme. 
The actual lowering of sea levd during the glacial q>ochst was 
c£ the order 300 feet, an estimate that is confirmed by\ the 
depths dT the lagoons of coral atolls and barrier reeft (p. 328). 
Thus we are driven to consider the only remaining possibility : 
riiat the canyons were formed under die sea, presumably by 
the erosive effects of some kind (ff submarine current. 

Among the many hypotheses that have been proposed to 
accoimt for submarine canyons only one, suggested by Daly 
in 1936 and subsequently devdoped, appears to be reasonably 
si^isfactiHy. It may be briefly summarized as follows. During 
rile gladal epochs the continental shelf was evoywhere exposed 
down to about 300 feet bdow present sea levd. Waves and 
currents, thai spedally strong because of the stormy weather 
of {^adal rimes, churned up the muds of the outer part of the 
sh^ and gave rise to an undertow and bottom layer of un- 
usually turbid water. The mud-laden water, being heavier 
riian ^ dear water above it, began to flow down the sheff 
as a su^msim eurmt wirii a velpdty determined by the density 
ct the st^pension and the ang^e of slope. By guiding and 
ocmcoitrating riie flow cf the loaded water chance d^ressions 
would thus become sdei^vdy eroded into furrows which 
riitcmai^ woidd dmaliae and accentor rim currents. On 
nwchingiihe amrinmud dope (with a dsout 1 in 

. liH^ahimdred thhes steqia than that (ff the avmageshdf) the 
conentt wlould gather speed and thus gain additional mosiye 
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[H. S. Bm, Dept of AgncuUne^ 

Fzo. 169 

A suspension current of muddy \vater flowing down a submerged “ delta ** of 
sand in a labc^atory tank 

power. Once started, such submarine streams would be self* 
perpetuating, and even self-accdlerating, since erosion would 
add to the muddiness of the water, and therefore to its effective 
density. The inference is inevitable that on the continental 
slopes erosion should have been altc^ether more vigorous 
than on the shelf where the currents were engendered. Sub- 
sidiary imx:esses which would co-oporate with suspension 
currents in the development of the canyons include under- 
cutting of the floors and sides by emerging springs, and slump- 
ing of loose, water-saturated sediment. Earthquakes might 
w^ act as a trigger to set submarine “ landslips *’ moving. 
Eadi of these processes has been regarded as of major im- 
portance by certain geologists, but it is difficult to see how 
either or both (without the guiding hand dT suspension currents) 
could be responsible for a submarine tqpt^inqffiy that bcius 
aU tim hall-marks c£ etoma by running water. 

There can be no doubt about (he rrality and efficacy cd* the 
ma^ 'process envisaged by X>aly. Where the Rhdne^ milky 
whh facial sedhnent, flows into Lake Geneva, its waters 
vMMy dive under ^ clear lake water and flow ffiroug^ a 
five-mile trench towards the deepest part of the lake. Moretwer, 
caitilffiy t^s^ied >«ies df tank esperNei^ carried ou$ hy 
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tank 

Kuenen in Holland, and indq)endaitly by Bdl in the United 
States, have demonstrated that suspension currents do, in 
&ct, behave as described by Daly (Figs. 169 and 170). The 
only doubt still remaining is whether these currents could 
node resistant rocks, such as have been collected by dredgihg 
from the walls of some of the canyons, or whether this feature 
requires some additional explanation. 




GHAmR XV 


LIFE AS A ROCK BUILDER 

Life as a Gbolooical Agent 

Ik eaiiier chapters certain aspects the gec^ogical work 
accomplished by living organisms have already been touched 
on : the breaking up of the sub-soil by roots ; the growth d 
soils ; the protection of soOs by forests and prairie grasses ; 
the f^tion of sand dunes ; and the comminution of materials 
by worms and other burrowu^; animals. Apart from man, 
who at the present day is contributing to erosion and transport 
on a gigantic scale, organisms are of limited importance as 
rock breakers, but in virtue of their biochemical activities they 
contribute on a very considerable scale to the chemical weather- 
ing of rocks. 

In particular it is worth notidng that practically all the 
oxygen now present in the atmosphere and all the oxygen 
that has been used up in weathering processes has been liberated 
from carbon dioxide by green plants during their ^wth 
(p. 330). The only other known source of free oxygen is due 
to the action of certain bacteria which liberate oxygen from 
nitrates, which they turn into anunonia, or from suli^ates, 
which they reduce to sulphides (such as pyrite) or emi to 
sulphur itsdf. Since oxygen has accumulated throughout 
geological dme as a by-product of plant life, despite the 
enormous amount used up in oxidation (including breathing), 
it Mows that there must be an equivalent amount of caibcm 
ebewhere. Part of this is present in the Imng tissues c£ the 
jdaats and animals ef the present day. Bodi on land and in 
tiun^sea certain animals eat plants and c^er animals devour 
the jdant-eaters. Thus a great deal of mgank matter is 
simply trandorred from oiganbm to another. Of the 
bailee, part decays, largely as a result dT bactmal a^ck, 
and pas^ au^y as caib^ thmdde and umterj ydule 



U0S AS A KOOK BmU>B& 

the remaisder, in various states aS preservation according 
to the stage ci decomposirion readied befine and after 
burial, is found in sods and swamps, in carb(niaceous and 
bituminous riiales, and in more concentrated d^iosits 
peat, coal, and p^rdeum. Natural fads and the oocygoi 
required for their combustion are two o£ the most im- 
portant end products of vital activities (see Fig. 177). This 
aspect of the work of life forms the subject dT the flowing 
ch^ter. 

Besides the accumulations cS organic matter mentioned 
above, there are immensdy greater deposits which are lirgdy 
composed of the shdls or other protective and suppmting 
structures of once-living organisms. Most of these hard parts 
consist essentially of calcium carbonate secreted fromlsea 
water by animals such as molluscs (commonly known as sndl- 
fish), sea urchins, corals, and the tiny single-c^ed foraminifera 
(Plate 72a and b), and by plants of which algae (a group 
induding seaweeds) are the chief. After death, the hsud parts 
persbt and accumiilate as shell deposits (Plate to), coral reeft, 
deep-sea oozes, and the like ; all raw materials of limestones 
in the making. Other single-celled axumals and plants, known 
respectivdy as radiolarians (Plate 72c) and diatoms, extr^ 
silica, and encase themsdves within microscopic shells of opal. 
The resulting siliceous deposits constitute two important 
varieties of the deep-sea oozes. Other organisms, such as 
fresh-water mussds and snails, and green algae, contribute 
calcareous materials to deposits forming in frmh-water lakes, 
lagoons, and estuaries ; and fiesh-water diatoms, which abound 
in the lakes of glaciated districts, similarly provide siliceous 
deposits known as (Katmamus earth. But the marine examines 
are of enormously greater abundance. 

Bacteria also hdp to form limestones by what may be 
called luoch^cal precipitation. It was mentioned above that 
certain bacteria turn nitrogen compounds into ammonia. 
The latter har the efifect precipitating calcium carbonate 
from sea water, and on the shallow banks between Cuba and 
the Bdianaas conaderaUe deposits are being formed in 

way. Bacteria are also concerned in tiie predpitatum of 
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fibnoiiitiQ from tibe watms of lakes and notkUy jii 

Sweden and Finland, wka% bog inm oie of dds kind has 
extracted on a mmmemal scale. 

Fhosidiiates of great value because thdr vital im- 
portanmi as fertilizers, and because workable deposits are fxt 
less common than we could wish. Most of them have resulted 
directly or indirectly from organic activities. Calcium phos- 
phate is particularly concentrated in the bones, teedi, and 
excrement of vertebrates, especially iBshes. Vast numbers <rf 
fish are sometimes killed by the shock of earthquake vibrations 
passing fiirough sea water, and their remains then accumulate 
as bone beds. Another source is provided by the droppings of 
countless generations of fish-eating birds on coasts and oceanic 
islands, which thus become thickly encrusted with guam. 


Marine Deports 

According to their location on the sea floor (Fig. 171), 
marine deposits are classified as follows. lAttored deposits are 
those formed between high and low tides. Shallow water 
deposits are those which collect on the continoital shelf and 
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Sduflutie tectioa to diew die xoaa of ourine Mdimeotatioa 


at similar depths dbewfaere, that is, between low tide add 100 
fiidioms. Below dais levd are the muds and omts reietped to 
as sea or deep mder dt^ponts. The muds, etc^ of thp amti- 
sk^ie, a^ of d^ths around .iids'ffiltj, 

; ji-s 
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to zam^ ; Mitile t3i« otnses of tlie <le(^ ocean 

bd^ to fibe zone. 

. Aco(»ding to tbe source cf ibe matoiiaJs, marine (ieporits 
into two raairi groups : terrigmous — derived from the land 
by rivar transport and coast erosion ; and orgcmie — compriring 
tito calcareous and siliceous shells and odier remains c£ maime 
organisms. The terrigenous dqrosits are naturally found in 
greatest bulk bordering the lands. Sediment that is swept 
over the edge Of the ccmtinental shelf comes to rest on 
slopes beyond. The abyssal ocean floor recrives suppUes of 
land detritus only from wind*bome dust and rare icebergs. 
These sources of supply are so scanty that the rate of accu^ida- 
turn is extremely riow. 

The marine organisms that contribute most conspicudusly 
to the sediments of the littoral and shallow water zones belong 
to a group known collectively as the Benthos (boUom dwdlers). 
This indudes seaweeds, molluscs, sea urchins and corals, and 
other forms that live on the sea floor. Many of them are 
firmly attached to the bottom. Deposits of shells or of their 
wave-concentrated fragments are formed in great abundance 
in favourable situations, while elsewhere similar rotuuns are 
dispersed as fossils through the terrigenous deposits. Ine 
Nmth Sea is mainly flopr^ with terrigenous material, but off 
the Kentish coast and between the Thames and the Hook of 
H(flland there are patches of several square miles ornsisting 
almost entirdy of large shdls. The shelly sands of some of the 
Clrimish beaches have already been mentioned (p. 293). These 
are but relativdy small ^camples d£ shdly limestones in the 
making. Far more extensive accumulations occur off limestone 
cmms aird in otlmr situations vrirore toe organic remains are 
,no$ smothered by sand and mud. The re(£ and atolls built 
up by corals and todr assodates in toe shallow wator of warm, 
unpontamiaated mas illustrate limestone-building on so 
spetZacdar a scsfe that they are reserved for a rnore detailed 
descriptiaii. , - 

. tosporits of toe above types which have accumu- 

off oaatm e sftal tomes or on the flanks of ocearuc idaiids 
aris described as toritis mrifas, a xitonei)^ Tfae^taipaiic. 
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<MS9Ees sa4 red o£ the abyssal zaat are as 

f^kigic deposits (Gr. pthgos^ the sea). The oozes are largdty 
composed of the ranains of maiine orgaoisms b elon ging to a 
group called the PUmkim (the wanderers). This includes the 
sing^e>cdled marine plants (diatoms) and animals (foraminifera 
and radiolarians) ; certain floating molluscs known as '* sea 
butterflies ” or pteropods ; most of the and larvse of the 
bmithos and otiier marine organisms ; and all other forms 
which, unlike fishes, have no means of self-locomotion. The 
pteropods are blown along the surface by the wind, but the 
otiiers, nearly all microscopically small, are passivdy sus- 
pended in the water. Diatoms, bdng plants, cannot live 
bdow the depth of effective sunlight penetration, which in the 
open ocean reaches a maximum of about 650 feet. Though 
individually quite invisible to the unaided eye, the diatoms are 
present in such prodigious numbers that they tiun the sea in 
which they live into a kind of thin vegetable soup. This 
forms the main food supply of the rest of the plankton, whose 
habitat is therefore similarly confined to the sunlit zone. 

From this prolific overhead source the sea floor receives a 
slow but steady rain of plankton shells which have escaped 
destruction by being eaten or by being dissolved in the sea 
water as they sank. In the shallow-water zone the tiny shells 
are generally lost in an overwhelmii^ abundance of terrigoious 
and neritic materials. In the bathyal zone, whore the rate of 
supply of terrigenous sediment is less overpowering, they make 
a bigger show and can be readily found in the blue and green 
muds, both of which are characteristically calcareous deposits. 
In tile abyssal ztme, however, the plankton shells accumulate 
with littie contamination firom other sources, to form the deep- 
sea oozes which, together with tiie red clay, c<mstituto the 
pelagic deposits. 

Fishes, i^iales, and othor marine animals which go actively 
afler timir fbod sup^y are grouped as the Mektm (swimmers). 
These contribute to all the marine dqiosits on a lifted scale, 
but concentirated rmmns, sucli as the bone beds already 
mcmtiimed, as sources phe^hatm, are quite rare^ 

adjohung tehk summarizes tiie lesMi^ ty^ of dq^ts 
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oii#je mlkior, jfecCni?(^^ to ^ »»ieB 

isi etqpo^iod anti die sburees of matdtal as reviewed in the 
prece^hx^. A syirtematic desctiptipn ci sffl these 

^^xwts would require more space than & availalde, bat cond 
re|^ and the chief varieties of the pelagic dqposdts will serve as 
iHiStrative examples of special uiterest. 


MODERN MARINE DEPOSITS 


\ Kinds ^ 
\MiUtrud 

sSWMif 

Difmtm N. 

'Duuuoenous 

Dspouts 

“ 

Ghbihgal 

AND 

BfOGHEItlGAL 

Peecsfitates 

Organic Dspositb 

1 

NsRinG 

(Mainly 

Btndm) 

Fblaoic 

& 

LutdralZone 

Shallow 
Water Zone 

Shingle 

Gmvel 

SEndfl 

Muds 

Oolite sands 

Calcareous 

muds 

Cementing 

materials 

- - 

Shell gravels 
and 

Shdl sands 

Coral reefs 
and 

Coral sands 

' ^ 



^ 


Deep-Water 

Zone 

Deep Sea Muds 
^tke 

Bamyd spM 
Green, black 
and blue 
muds 

Volcamc muds 
(With varying 
amounts <» 
pla^ton re- 

maiiM) 

(»«%) 

Cementing 

nuiteriali 

Coral muds 

Deep-Sea Oozes 
fjfthi 

Abyssal zmu 
Pteropodoozc 

Globigerina ooze 

Diatom ooze 

Radiolarian ooze 
(«%) 

Insoluble Residues 
Jrm various sourcis 
Red Clay (84%) 


TIw Sguiw M faradceti lepraent the apptosinuMe areas covered by die varioui 
groupa of dqwita, ea prem e d as percentages of die area of the ocean floor 


PSEAOIC DiM>oats 

"Ptt dt jm po^mi and distrihution of the deq>>sea oozes 
^die teoperature of the siufM^ waters and the d^th 
oit i^ untbd^hg ocean flow. ISiatmnSi; Iw eiuD{^ flon^ 
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mAoio DEPOon 


]>ariiadarly wdl in cold dmimpdar seas wliidb are un> 
Ikvoucable to a profu^n of otiber fonns. Radiolaiisajs* on tibe 
odier hand, are espedaUy abundant in warm tropical watm. 
Foraminifera,' of which GloHgmna is the commonest genus, 
abound in tropical and temperate r^ons and the distribution 
of globigerina ooze is therefore less restricted. The tiny cal- 
careous and opaline shells, being extremely ddicate and cfioi 
of intricate design, readily lend ^emsdves to attack by solution 
as they sink totvards the bottom. The solvent power of sea- 
water increases with depth : direcdy because of the increasing 
pressure and indirectly because the proportion of gases in 
solution, mainly carbon dioxide, also becomes higher as the 
pressure rises and the temperature falls. The globigerina and 
other calcareous foraminifera dissolve more rapidly than the 
radiolaiians and other siliceous forms. Only a few of the larger 
varieties succeed in reaching depths of 3,000 fathoms, and in 
the next 500 fathoms even these are lost. As a well individua- 
lised deposit globigerina ooze is most characteristically developed 
at medium depths on the ocean floor, that is, roimd about 
2,000 fathoms. The siliceous remains persist to greater depths, 
some of them down to 5,000 fathoms, the average for radiolarian 
ooz/e being about 3,000. 

Over 50 million square miles of the ocean floor lies beyond 
the reach of more than traces of the plankton remains. Here 
accumulate the matmals that form the basis oS the Red Clay : 
{a) volcanic products from wind-borne dust, submarine 
eruptions, and flragments of pumice that have floated far from 
thdr source bdbre sinking ; {b) non-volcanic wind-borne dust ; 
{c) insoluble organic relics like shark’s teeth aiul the ear-bones 
of whales ; (d) the dust of meteorites and occasional larger 
firagments which have fallen into the sea from the sky ; and 
locally, (s) debris dropped firom far-traced icebergs. Meteo- 
rite dust falls everywhere, of course, but it is only in the red 
clay that it is not smothered beyond recognition. The red 
<day accumulates so slowly that some o£ the shark’s teeth lying 
unburied on the surface me those cf species riow extinct. 
Many of the ingredients listed above have decumpos^ into 
titoy, heavily stidaed by ferrughiotts matter which gh%s the 

3*7 



..UFE AS A ROCK BUHJCtBR 

4q;^t a bridc-i«d or diooc^e-brown cdlour. Other 
mxmdiay products foimd io the red day indude black 
nodules of manganese oxide and crystals of various siUcate 
and other minerak. 'Wha« the depth is not excessive un- 
dissdved plankton remains appear, and as the proportion of 
these increases with decreasing depth the red day ingr^ents 
become more and more diluted until the deposits pass intd 
radiolaiian oosse in some localities or into globi^;erina ooze in 
others. 

In the following table the average cbmposition of eac^ of 
the chief pdagic deposits is given : 


OoNsnruEzm 

Globigerina 

Oozs 

Rbd Clay 



CalcareotB remains 

64 


4 

23 

Siliceous remains 

2 


54 

41 

Minersd mattor 

34 


42 

36 

Ana m miUions of 


61-6 


11 

spu/n miles . . 

49*6 

2*3 


Radiolanan Oozu (Plate 72c) is essentiaUy a variety of red 
day that is notably rich in the remains d radiolarians. Diatoms 
and sponge spicules are also commonly present. It occurs 
beueath the tropical bdt; of the Pacific and Indian oceans, 
where the warm surface waters fiivour an unusual profiisi<m 
of radiolarians, and where the great dq>th prevents more 
than a scanty supply of calcareous remains. 

Althou^ they occur everywhere, diatoms are most abun* 
dant rdative to the rest d the plankton around Antarctica and 
in extreme ncnth of the Pacific. The ddicatdy ornamented 
tiidls accumulate there, as Diatom Ooze^ tt^etho* with certain 
species of fiuaminiiera that can live in cold water. Gon- 
tammathm by tai%enous mateiM, mudbuof whidi is derived 
fioai floatix^ ic^ is commonly abundant. 

Oo3» is by fiw the niost widespread varidy and 
is ei^eciaJly characteristic of the ;jAillantic. flooor.' It contaiitf 
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fiiraiBiiiifera in great abundance and vari^ (Hate 72 a.)^ 
among winch the shdls GloHgsrwa, each consisting <£ sevo?sd 
^<^ular chamb^, are the commonest (Plate 72 b). ■'nte 
inro^rtum of calcium' carbonate varies with the depth, langing 
from 97 per cent, in samples from 400 fathoms to 30 per cent, 
in those from 2,600 fathoms, the balance being made up of 
other plankton remdns, and ingredients like those of the red 
clay, into which the globigerina ooze mages at its lowm* 
margins. In the shallower dq>ths, over sub>tropical and 
tropical submarine banks and ridges, the shdls of pteropods 
locally become abundant, and when they predominate the 
deposit S distinguished as Pteropod ooze. Another important 
variety is characterised by the button-shaped remains (cocco- 
liths) of certain Ume-secreting algae which flourish in sub- 
tropical waters. 

Geological Interest of the Pelagic Deposits 

A century ago nothing was known of the deepnsea deposits. 
Globigerina ooze, dredged up by one of the cable-laying 
steamers in 1852, was the first to be discovered. A systematic 
exploraticm of the ocean floor was carried out by the 
famous ChaUengffT £3q)edition of die years 1872-76. The 
thousands of samples then brought up are described in 
one of the fifty bulky volumes in which the scientific 
results of that great enterprise are recorded. Since then 
cortain parts of the ocean floor have been investigated 
in greater detail, but only in recoit years has any reidly 
fundamental advance been made. 

In 1934 Piggot successfully developed a sounding apparatus 
for securing core samples of aby^al deposits. The apparatus 
consists of a long metal tube which, on arriving at the bottom, 
is automatically forced into the sediment by an explosion of 
caimon powder contained in a kind of gun attached to its 
upper end. Duiii^ 1936 cores tp to toi feet l<mg were ob- 
tained along a travel across the North Atlantic firmn New- 
finindlami te Ireland ; . seven df these came fiom dpths 
exceeding 2,000 fathmns. So sloady has the gedc^cal record 
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accumulated in these quiet depths tliat the ojres rquesent at 
least a miilion yeats df oceanic depo^on. Rramniiit inii of 
die seqttence sfaoviQ ^t the four i^adal epochs are all 
dearly rqiresented. Itie foraminifera of the glacial bands 
ar(^ moreover, found to be of types that live in cold waters, 
whereas those of the interglacial bands indicate that the 
surfoce waters were then as warm as, or evoi warmer than, 
those cS to-day. 

A foct of great significance is that no representatives of the 
abyssal deposits of former ages have been found amoi^ the 
formations now exposed on the continent, except in cmain 
mai^al islands. Ihe Chalk might appear to be an exception, 
fiu it is a limestone that in some respects resembles a hWhly 
calcareous ^olngerina ooze. But the Chalk foraminifera are 
largely shallow-water forms, and with th^ are assod^ted 
many larger fossils of the benthos group. These all have 
charactmstically thick shells, such as are grown only by 
organisms that have to withstand the turmoil of vigorous 
waves. Thus the Chalk is not an abyssal deposit The lands 
surrounding the Chalk sea were so low-lying that they provided 
little or no terrigenous material to the sea floor outside ^e 
littoral zone, and in consequence a thick uncontaminated 
limestone, characterised by an unusual abundance of fora- 
minifin'a, was aUe to accumulate in the thirty million years 
or so during which these exceptional conditions lasted. 

In the Dutch East Indies Jurassic and Cretaceous formations 
have be«i discovered which contain alternating layers of 
indurated red day and radiolarian ooze, assodated with 
shallow-water and bathyal sediments. Siinilar uplifted de- 
posits, accmnpanied by globigerina ooze, occur in Barbados 
in the West Indies. ' Herh they lie on Tertiary continental 
sediments, induding coal seams, thus presenting “dear 
evichmce that portions <£ a continental area might be de- 
pressed to ocemdc depths and re-devated.” Evidoioe of this 
kha^ howovei7 is confoied to a few tracts al<mg the folded 
nuOgins of die tpntinents. There is nowfaore any indication 

die platform itsdf has beemne part of a amdnental 
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CoKAL Reefs and Axoua 

In favourable situations in tropical seas cwals, l^^ther 
with all the oi-ganisms to which they give shelter and attach- 
uKnty grow in such profusion that they build up reefi and 



Fro. 172 

CSonl ]9ee&. Fiingurg and barrier reefi of Mayotta, Comoro Ii., nortb end of 
MiMuabique CSbannel. Hie outBnes of die isluids suggest recent siibmeigenoe 

idands of very omsiderable size. Clothed in vivid green, 
crovmed 1^ t)^ coomut psJm, and fni^ped wth the i^te 
fbaat of the ceaseless surf, the *' low islands '* of dir Elizabethan 
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maiinen have a r^utation for dazzling but treadberous beauty. 
Dangerous to nav^iadoa and difficult to eiqplore, they have 
been equally tantalising to gedcgists who sought to account 
ibr dieir existence. Darwin was the first to face the pfroblems 
in a scientific spirit and by him coral reefi were divided mto 
three main cla^ (Figs. 172-174) : 

(a) consisting of a veneer or platform of coral 

which at low tide is seen to be in continuity with the shore. 
The width is ofien half a mile or more, and the seaward side 
slopes steeply down to the normal sea floor. 


eensland 
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Fio. 173 

Section to illustrate the relationship d the Great Barrier Reef to the coast cl 
Queensland (Afier J. A, SUfrs) 

Reef rock, black ; lagoon and channel sediments, dotted 

( 

(b) Barrier reefs, situated up to several miles off-shore, with 
an intervening lagcxm. The thousand-mile complex of re^ 
known as the Great Barrier Reef, which forms a gigantic 
natural breakwater off the north-east coast of Australia, is by 
far the greatest coral structure in the world (Plate 73a and 
Fig. 173). Most barrier re^, however, of which there are 
countless examples, are island-ardrcling structures formii^ 
irregular rings of variable width, more or less interrupted by 
open pasmges on the leeward side (Fig. 172). 

(r) AkUs, resembling barrier reefi, but without the central 
ida^ (Plate 73b and fig. 174). They are essentially low- 
lying ring-shaped islands enclosing a hgoon which again 
is genera% connected with the open sea by passages on the 
lenmrd afle. ^ ^ 

Reef-buikfing coral five in colonies thousands of tiny 
each occupying a t^^pdaped dq^esnosi 
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Fio. 174 

Map of the Suva Diva atoll, Indian Ocean (50 X 40 miles), showing the depths 
of the lagoon floor in fathoms {After R. A, Ddy) 

in a calcareous framework which is common to the whole 
colony. As the successive generations of corals grow outwards 
through the restless waters in their competition for food, the 
stony framework also branches upwanb and outwards and 
grows into forms that resemble plants, some being like shrubs 
and others like cushioned rock-plants. The interspaces 
between the dead coralline structures are cemented and bound 
togedter by calcareous algae called nullipoies. These pre- 
dj^te caldum caibonat^e within themsdves, and still more as 
incrustations which coat thdr surfaces and cover the coral 
growths to which titey are attached. Other contributions are 
made by shdlled molluscs, foraminifera, calcareous worms, and 
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bacteria, and the whole assemblage accumulates to fonn ft 
white porous limestone which gradually becomes more 
coherent as it is buried and subjected to prolonged saturation 
by sea water. 

The development and maintenance of coral reefi depend 
upon the conditions that favour a vigorous growth of the living 
colonies. A thriving reef has to contend not only with the 
waves, but also with boring organisms and voracious crustaceans 
that feed on the bodies of the individual corals. The reef re* 
presents the margin of success in a never-ceasing stinggle 
against death and extinction. Not only have the corau and 
nullipores to supply material to maintain a flourishing Uving 
face, they have also to provide the broken masses of corail\rock 
and other debris that accumulate to form the visible reef and 
its seaward foundations. On the lagoon or landward sio^ of 
the living face there is the ra^ flat, consisting of material thrown 
up by the breakers to a height of 10-15 feet. A certain amount 
of debris is also washed over into the lagoon by heavy seas that 
sweep the reef. On the seaward side of the growing face the 
reef passes into a talus slope that may descend to very great 
depths on the flanks of oceanic barrier reefs and atolls. , 

Corals require a mean temperature of not less than 68° T., 
and reefi and atolls are ther^re restricted to a zone lying 
between latitudes 30° N. and S., except locally where warm 
currents carry higher temperatures to the north or south of 
these limits. The reefe of the Bermudas, for example, are 
dependent upon the warmth of the Gulf Stream. Along the 
torrid belts of the oceans the equatorial currents drift towards 
the west, becoming warmer on the way, sind consequently 
reefs flourish far more successfully in the western parts of the 
oceans than on their colder eastern shores. 

The water must be clear and salt Opposite the mouths of 
rivets, where the diluted sea-water carries suspended silt and 
mud, corals caimot live and no reefi appear, (inversely, ree& 
grow best on the seaward edge of the-Hcef, where splashing 
waves, tiring tides, and warm currents bring them constantly 
renewed supplies of oxygen and food. Corals cannot long 
surtdve eaposure above the wator, and omsequaitly living reefi 
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can never grow much above low-tide level. Dead ree& »re 
found above sea levd, but they have been uplifted into suc^ 
positions by earth movements, to which they are therefore a 
most reliable index. On the other hand, red-building corals 
require sunlight and do not grow fireely at depths greater 
than about 26 fathoms ; nullipores are similarly restricted to 
about 60 fathoms. A necessity for reef formation is therefore 
the pre-odstence c£ a platform not far below sea level. Reeft 
and atolls may be “drowned” by rapid subsidence, and 
several examples of reeft and atolls that have been killed off 
in this way have been discovered on the sea floor. It follows 
flrom the above considerations that the living corals and the 
growing face of the reef tend to spread upwards and outwards 
towards the surface watars of the open sea. 


The Origin of Barrier Reefs and Atolls 

The origin of fringing reefr is easy to understand. Minute 
coral larvae drift with the ocean currents, and those that reach 
suitable shores find attachment and start new reefr that 
gradually develop seawards. Barrier reefr and atolls, however, 
are remarkable in that they generally rise from depths where 
no corals or nullipores could live. There are two possibilities : 
either the reefr have grown upwards fi^m submerged banks 
not more than, say, 50 fathoms below the surface, or they have 
grown upwards and outwards fi^m fringing reefr during the 
submergence of the land or island to which they were originally 
attached. Another feature that calls for explanation is that 
the lagoons have nearly flat floors and depths that are all of 
the same order, the range being firom about 46 fathoms for the 
larger examples, which may be several miles across, to 26 
fothoms for the smaller ones. 

The first general explanation was offered by Darwin as a 
result of the observations he made during his celebrated voyage 
in the Beagle, He visualized all reefr and atolls as different 
st{^ in a angle process (Hg. 176). Growth begins wiffi the 
buflding a fringmg reef around, let us say, a volcanic island. 
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Subsidence of the island combined with continuow growth 
converts the reef into a barrier reef. Since corals can grow 
upwards at a rate of idbout a foot in ten years it will rarely 
happen that they are unable to keep pace with the movement. 
The submerged area between the island and the rim of coral 
rock forms the lagoon. By further subsidence the summit of 
the central island sinks out of sight, and the barrier reef be> 
comes an atoll. 

Darwin’s simple theory has not passed unchallenged, but 
it satisfactorily accounts for most of the features associated with 
reefi. The reality of subsidence — or at least of a chantge of 
sea level — ^is proved by the drowned valleys and emlkyed 



Fio. 176 

Diagram to illustrate Darwin’s theory of the successive development of frin^;ing 
re^, barrier reef, and atoll around a subsiding island 


shore lines of the land inside the lagoons of barrier reefi. The 
Great Barrier Red* has grown on the edge of a down-faulted 
area, which was formerly the coastal plain of Queensland and 
part of New South Wales. Uplifted atolls in Timor and else- 
where are found to lie unconformably on an eroded foimdation, 
exactly as the theory requires. The theory does not, however, 
make it dear how the lagoons of the present day have come 
to be so remarkably uniform in dep^. Fig. 175 shows the 
enormous quantity of lagoon sediment necessary to fill in the 
“ moat ” aroimd a subsiding volcanic island. Alternatively, 
the flat lagoon floors of atolls and island-encirding barrier 
reefi suggest that the corals grew upwards fix>m the edges o£ 
submeiged platforms worn down by marine erosion. 

In 1910 Daly showed that these features are an inevitable 
result c£ recent and Pldstocene changes of dimate and sea 
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!evd. He bad already noticed the narrowness — and therefore 
the youtfafulness — of the ree& fringing the Hawaiian Island s, 
Connecting this youthfuln^ with the discovery that a former 
grader had left its traces on the flanks of Mauna Kea, he came 
to the conclusion that corals could not have flourished along 
those shores during the glacial epochs and that the existing 
reefs must have grown there during post-glacial time. During 
the glacial epochs the fall of temperature must have killed off 
most of the pre-existing reef-builders, leaving only a few 
sheltered spots from which the active reefi of the interglacial 
stages, and finally those of the present day, could be colonised. 
Moreover, during the height of each glaciation the level of the 
oceans must have been about 300 feet or 50 fathoms lower than 
to-day. As a result of the lowered sea level, pre-glacial islands 
and reefs would be steadily attacked by the waves, and in many 
places reduced to platforms of marine erosion near, or a few 
fathoms below, the sea level of the time. 

Thus, innumerable platforms — ^many of them being the 
truncated summits of oceanic volcanoes — ^were formed at about 
the right depth to accoimt for the existing floors (Fig. 176). 
The latest colonisation of the platforms and the upbuilding of 
the encircling reeft by corals present no difiiculty. It is about 
25,000 years since the melting of the ice locked up in the 
continental ice-sheets of Europe and North America began to 
restore to the oceans the water previously abstracted. With 
a growth rate of a foot or so in ten years the corals could readily 
keep pace not only with the rising sea level, but also with the 
necessity to provide material for the wave-biiilt reef-flats and 
for the talus slopes on the seaw^ flanks. 

The lagoons must, of course, have been somewhat shallowed 
by deposition. The smaller the lagoon the more rapidly its 
floor would be built up by sedimentation, because of the 
proportionately greater length of reef across which debris 
could be washed. This consideration is matched by the 
observed fact that the lagoon depths increase as the widths 
increase. Submei^ged platforms in the odder oceanic r^ons 
where corals failed to gain a footing have received very litde 
sediment and ffieir. depths are correspondingly greater. 
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Fig. 176 

Sections demonstrating the flatness of the floors of reef lagoons and the close 
similarity of their depths to those of submerged banks 
{From R. A, Daly, ** The Floor of the (kean,** by permission) 


Darwin’s subsidence theory leaves the origin of the plat- 
forms unexplained. Daly’s ** Glacial-Control ” theory pro- 
vides an adequate explanation. In all regions the rise of sea 
levd since the withdrawal of the ice sheets has been a definite 
fiictor in the development of coral reefi and atolls. But 
whwever earth movements have been in operation they too 
have been a factor that cannot be ignored. Their importance 
is clearly indicated by the occurrence o£ both “ drowned ” 
and elevated r«^ in regions such as the outer mar£^ of the 
IHitch East Indies, where orogenic movements are now or have 
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recently been in progress. In Timor uplifted atolls ftimish 
evidence that subndence and coral growth were succeeded by 
upheaval and coral extinction. Moreover, it seems probable 
that many volcanic islands may have subsided in consequence 
either of isostatic readjustment, or of contraction of the under- 
lying foundations. 

Darwin’s theory refers to submergence by earth move- 
ments, while Daly’s refers to submergence by a rising sea levd. 
Ndther by itsdf provides an all-embracing explanation of coral 
reeft, but together, as a complementary pair, they solve all the 
major problems. 



Chapter XVI 


LIFE AS A FUEL MAKER : COAL AND OIL 

The Sources of Natural Fuels 

Carbon dioxide is the primary source of the carbon compounds 
of all living organisms and of all those that have lived in past 
ages. Under the influence of the sun’s rays green plants, intiud- 
ing most of the bacteria, synthesize carl^n dioxide and water 
into carbohydrates, such as cellulose and starch, TOth 
(CgHioOs),, and sugar (CuHuOn). Since these compoi^ds 



Fio. 177 

Diagram to illustrate the Carbon Dioxide-Oxygen Cycle and its by-products 

are equivalent to carbon and water, their formation involves 
liberation of the oxygen which was originally combined with 
the carbon. Some of the oxygen so set firee recombines with 
the carbon of organic matter, both livii^ and dead ; another 
part is used up in weatherii^ processes ; and the balance 
pases into the atmosphere or into the sea. The cycle of changes 
is schematically summarized in Fig. 177. 

If ail the decaying remains o£ dead organisms were com- 
pletely oxidized there would be no firae oxygen lefl; ova*. 
Under water-l(^ed conditions, howevor, oxidation is not 
otmipl^ The deconqiosition produds of vegetation, fixr 
etninifle, accumulate as humus in the soil and as deposits of 
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peat in bc^ and swamps. The buried peat deposits of former 
ages have been transformed into coal seams. In marine sedi- 
ments a high proportion the organic material of plant and 
animal life is either eaten or lost by mddation, but some 
escapes complete destruction and is entrapped in muddy 
deposits to form the minute droplets of oil and bubbles of gas 
which are the source materials of the concentrated “ pools ’* of 
petroleum and natural gas found in oilfidds. T.ife is thus 
responsible for all the natural fuels, induding wood, peat, 
coal, oil, and gas, and for the enormously greater amoimt of 
carbonaceous and bituminous matter that is dispersed through 
shales and other sedimentary rocks. 

It is of interest to attempt an approximate balance-sheet 
between the carbon of organic matter and the oxygen comple- 
mentary to it. The following table gives some idea of the 
prodigious amounts involved, and bears doquent witness to 
the work of coimtless generations of countless inillions of plants 
and animals. 


Gaiuson in 

Millions of tons 

Living matter . , • 

700,000 

Soil 

400,000 

Peat 

1,200,000 

Lignite and Brown Goal 

2,100,000 

Bituminous Goal . . . 

3,200,000 

Anthracite .... 

600,000 

Ordinary Sediments 

4,676,000,000* 


Totai. . . 4,684,200,000 


OxYOBM MUlvm qf Urns 

In the air ... 1,223,500,000 

Added to weathering 
products and now 
in sediments . . 8,000,000,000* 

Dissolved in the ocean 12,000,000 
Total, . 9,235,600,000 


The figures marked with an asterisk are only rough estimates, 
as it is impossible to assess with accuracy d^er tibe total mass 
of all sedimentary rocks or their average composition. Never- 
thdess, the totals for carbon and oxygoi turn out to be of the 
same order, with oxygen in excess, as it should be if both 
have been derived firom carbon dioxide. No figure is given 
above for the carbon in oil and natural gas, as any reasonable 
guess as to ultimate resources would be qtute negligible in 
comparison with the figures fi>r the other repositories of carbon. 
So far 13,000 million tons of oil have been discovered, and half 
of diis total has already been extracted from oilfidds and used. 
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Peat 

The devdopment of vegetable mould and humus fix>m 
decaying plant remains has already bear mentioned in con- 
nection with the soil (p. 122). Dead plant debris is at once 
attacked by bacteria and fungi, and in the presence of sunlight 
and oxygen the cellulose which is the basic substance of nearly 
all plant tissues rapidly disappears, the ultimate products being 
carbon dioxide and water : 

Cgl^Og H" 60| = 6 CIO 2 -f- 6 HjO 
Cellulose Oiygen Carbon Dioxide Water 

But ^ water-logged environments, such as bogs and swamps,^ 
the degree of putrefaction is limited by the paucity or' absence 
of oxygen and the generation of antiseptic organic adds which 
inhibit the bacterial activities. Under these conditions (the 
softer and finely macerated plant debris changes into a dark 
brown jelly-like humus. Part of this soaks into the cells of 
fiagments of wood, bark, roots, twigs, etc., which are also 
being humified,” and the cellular structures of these remains 
are in consequence often wonderfully well preserved. All 
the humified products, together with a variable proportion of 
the less destructible materials, such as resin and the waxy 
pollen cases and spores, accumulate to form deposits of 
peat. 

The process of humification enriches the residue in carbon, 
as indicated by the following equation, which approximately 
represents the chemical changes involved ; 

2Ci,Ha,0^ = C^ioO, + 2CXD, + 2CH* + H,0 

CeUrdose Hum^ied residue Methane 

Methane more familiarly known as marsh gas, is highly 
inflammable, and its pale flames are responsible for the ** will- 
o'-4be-wi^ ” which is occasionally seen flickering over the 
sas&uot tS a bog. In coal mines, wh&e the gas sometimes 
escapes in disai^iu quantities fium the coal iac^ it is the 
constituent (rf* tiie dreaded fire danqp.' 

. The volition which contributes to peat fbrmatidn rai^ 
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from mosses (bog peat) to trees (forest peat — Plate 74a), and 
the environment may be a swampy lowland or a waterol<^^ed 
upland with imperfrct drainage. The climate must therefore 
be humid and the conditions such that growth exceeds 
wastage. In the bogs of cool humid regions the rate of 
decay lags behind because of the low temperature, whereas 
in the densely forested swamps of tropical regions the pheno- 
menal rapidity of growth more than keeps pace with the high 
rate of decay. 

A special variety of peat accumulates at the bottom of lakes 
and pools surrounded by marsh vegetation. Wind-blown 
pollen and leaves fall into the water, and all manner of organic 
particles drift into it. Eventually these settle down to form a 
layer of organic ooze. Fresh-water algae may add fturther 
contributions. Locally the spores and algal remains may 
predominate, giving rise to a deposit that is specially rich in 
the waxy and oily ingredients of vegetation. If streams are 
flowing into the water the ooze is likely to be contaminated 
by a certain amount of muddy sediment. 

Many thousands of the sh^dlow lakes that formerly occupied 
depressions in areas strewn with glacial deposits have been 
converted into peat bogs by the steady encroachment of marsh 
and swamp vegetation, and in others the process of infilling 
is still in progress. The rushes, reeds, and pond weeds gradually 
advance over the dark gelatinous slime formed fix>m the resi- 
dues of earlier generations. Floating vegetation sometimes 
grows out in thick spongy rafts across the surface. Meanwhile 
the floor is being built up as organic ooze accumulates, and 
finally the site of the lake becomes a swamp. The treacherous 
surface may be covered with quaking tussocks of sphagnum 
moss, as in the bogs of Ireland. Where the drainage am- 
ditions are suitable, the plant sequence may culminate in a 
forest of trees with roots adapted to the precarious foundation 
through which they spread. 

On a more extensive scale swamps are developed firom 
the shallow lagoons and lakes of low-lying coastal plains, flood 
{dains, and ddfos. The Dismal Swamp of the coastal plain of 
^^hginia and Ntnth Carolina is an immense forested area, only. 
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a fbHT feet above sea level, interspersed with stretches of opm 
water (Fig. 167). Here 1,500 square miles have been covered 
with peat averaging 7 feet in thickness. Along the north-east 
coast df Sumatra th^ are many scattered swamps stq)pcnting 
almost impenetrable tropical jimgles. In one of these peat is 
known to have accumulated to a depth of 30 feet. 

The densdy forested swamps of the Ganges and other 
tropical ddtas (Plate 75b) provide ideal conditions for peat 
growth and serve to illustrate the climatic and geograpUcal 
conditions under which the coal seams of the Garbonifeztous 
period originated. Moreover, borings through the Ganges 
delta reveal a succession of buried peat beds with intervenmg 
deposits of sand and clay. The sequence points to repeat 
alternations of subsidence and standstill, with the ' actu^ 
surface never far from sea level. 

As peat accumulates year after year the entangled water is 
squeezed out of the lower layers and the peat shrinks and 
consolidates. It stiU contains a high proportion of water, 
however, and before being used as a fuel prolonged air-drying 
is necessary. In appearance it then ranges from a light brown 
fibrous or woody material to a dark brown or black amorphous 
substance. 


Goal and its Varieties 

^eat becomes still further compacted when it is buried 
beneath a cover of clays and sands. As the overhead pressure 
increases water and gases continue to be driven off, their 
composition being such that the residue is progressively en- 
richi^ in carbon until it is transformed into a variety of coal 
(Fig. 178).' It has been estimated that at least a foot peat 
is necessary to make an inch of ordinary coal. The essential 
conditions for the development of a coal seam are thus (a) 
long-continued growth of peat ; and {b) subsidence of the 
area and burial of the peat beneath a thick accumulation of 
sediments. 

€kmsida:aUe variation in the character cl£ ccud is naturally 
to be expected accmding to (a) the nature the plant reddues 
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Fio. 178 

Diagram to illustrate the variation in composition from woody material through 
peat to coal and anthracite. Black columns represent carbon ; dotted columns, 
oxygen ; and line-shaded columns, hydrogen. (After H. G, d. Hickling) 

— ^which determine! the type of coal material ; and {b) the stage 
of chemical alteration wMch has been reached — ^vvldch deter- 
mines the rank of the coal. 

In normal coals the remains of wood and bark predominate, 
indicating derivation from forest peats. Goal of the lowest 
rank, that is, the variety most like peat, is called lignite. It 
commonly retains visible vegetable structures, but there are 
also varieties, ofren known as brown coal, in which the woody 
tissues are obscure. Lignites and brown coals are common 
in the Cretaceous and Tertiary coalfields of Europe and North 
America, but are of no importance in Britain. 

The familiar shining black or dark grey coals of the British 
and other Garboniferoxis coalfields belong to a group of fuek 
of higher rank known collectively as roo/. This term 

does not imply the presence of the material properly called 
lutumen, but has reference to the fact that in the manufacture 
of coal gas and coke one of the distillation products, coal tor, 
is of a bituminous nature. Goal of the highest rank—odled 
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tm&raciu — occurs in certain localities {e.g. in South Wales) 
where unusually high pressure due to deep burial and subse- 
quoit earth movonents, combined with a moderate increase 
of temperature, has facilitated the diiving-off of nearly all 
the volatile constituents. Anthracite is hard, brittle, and stony- 
looking ; does not soil the fingers ; bums with a smokeless 
flame, and has a high heat-producing capacity. 

Goals special types are formed from a variety of organic 
ooze rich in spores or algal remmns. These contain less carbon 
than the normal coals of corresponding rank, but are notably 
richer in hydrogen. When heated they give off abundant 
supplies of hydrocarbons and on distillation they yield\ oil. 
Varieties in which algal remains predominate are c^ed 
boghead coals, or bogheads, after the name of an estate in West 
Lothian where they were first mined. They are dose grained 
and tough and often resemble dark brown or nearly black 
leather. They leave -a considerable residue of ash, most of 
which is the muddy material that contaminated the original 
ooze. By increase of inorganic sediment the bogheads pass into 
oU-skales. 

Between bituminous coal and the bogheads there are 
intermediate varieties known as camel coal. In some of these 
spores and blebs of resin are very abundant, while others 
contain algal remains in addition. Gannd coal is dull black 
and appears quite stmcturdess to the unaided eye. It occurs 
as individual seams and also as lenticles and bands in seams 
of ordinary coal. The name refers to the fact that splinters 
of cannel can be burnt like a candle, a fact that in turn demon- 
strate the richness of the material in inflammable hydro- 
carbons. 


The GoNsrmmoN of Goal 

Almost any Uock of bituminous co^ can be seen to have 
a wdl-marked banded or stratified structure. The commonest 
bands are composed of soft bright coal which readily breaks 
inib apfHtndmatdy ri^t-angled pieces with smooth, brilliant 
stM&ces. Most of the bands appear to be quite strucfiireless, 
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and since the material bears a close resemblance to glass it 
has been called vttram or vUrimte. Others are findy laminated 
and consist of shreds and films of vitrinite in a very fine-gxnined 
matrix. This type of coal material is known as clarcdn. The 
bands of bright coal are separated by layers of a dull grey- 
black type of coal which, being relatively hard and tough, is 
distinguished as durain. None of the three types already men- 
tioned soils the fingers. The dirtiness of coal is due to the 
presence in quite small amounts of a fourth type of material 
called fusam or fusiniU. It consists of thin flakes of extremdy 
firiable “ minertd charcoal ” which are distributed over certain 
surfaces at intervals through the seam. Goal naturally splits 
very easily along these surfaces, and as the fusinite readily 
crumbles to powder the broken coal becomes dusty. 

All the types of coal are intensely opaque, and it is necessary 
to make sections ten times as thin as those of ordinary rocl^ 
before light can penetrate the material so that microscopic 
examination becomes possible. A translucent film of vitrinite 
l/lO, 000th of an inch in thickness is no longer black, but has a 
rich golden brown or reddish colour. It is found to consist of 
bark or wood, each band representing a single fragment. 
Section A of Plate 76 shows a highly magnified sample of 
typical vitrinite in which the cellular structure of bark is 
perfectly preserved. The material clearly corresponds to the 
humified bark found in peat. 

Fusinite, similarly examined, also turns out to be wood or 
bark, but only the carbonized cell walls remain, the cells being 
empty or occupied by ash. It represents woody and other 
fibres that escaped humification, though how they became 
altered into charcoal is a problem that remains unexplained. 
Some of the fusinite may be the charred rdics of forest fires, 
but most of it appears to have been formed after burial duiii^ 
the process of “ coalification.” 

Unlike these two types, which are unit constituents of 
uniform composition, dtirain is found to be an assemblage of 
minute particles, like the organic ooze of peat It contaim 
the resistant coats spores, more or less crushed and flatten^, 
inicrosco}uc shreds of vitrinite, lenticles and grains fiianite, 
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aad blebs of resin, in an obscure matrix of debris too finely 
macerated to be identified. Section b of Plate 76 is cut from 
a band of dull spore-coal, and shows durain consisting of 
microspores (male) and macrospores (fonale) embedded in a 
dark matrix. In Section c, cut firom a banded coal, the upper 
portion is part of a band of durain showing the same features. 
The lower middle portion is a band of vitrinite formed mainly 
from compressed barL Part of another band of durain, with 
microspores, is seen below. 

Glarain contains the same ingredients as durain, but in 
very different proportions. The well laminated structure and 
brightness are due to the presence of abundant closely ps^ed 
strips of vitrinite. The intervening laminae of durainVlike 
material are extremely thin. A very highly magnified min 
section of darain would thus have an appearance not unnke 
the more coarsdy banded coal illustrated in Plate 7 6o. Glarain, 
indeed, is a sort of microscopic replica of a seam of bright coal 
in which bands of vitrinite predominate. 

Gannd coal is essentially durain which is espedally rich 
in spore cases and other waxy and resinous remains. There 
are transitional varieties towards darain on the one hahd 
and towards the algal-rich bogheads on the other. 

Lignites and anthracites are found to consist of the same 
structural types of material as bituminous coals. The variation 
in properties throughout the series depends partly on the 
proportions in which the type ingredients are present, and 
partly on the degree of alteration which they have suffered, 
t.«. on the rank of the coal. Fusinite, far example, is highly 
infiammable, because its fiiability and high porosity make for 
easy oxidation. Goal-dust explosions — formerly a serious 
menace to mining before precautions were enforced — ^result 
from this dangerous property. Spore cases and resins are rich 
in hydrocarbons ; consequently dull coals and cannds yidd 
far more gas and tar than die bright coal^f intermediate ranks. 
The latter, however, are exc^ent for household purposes. 
Steam coal, suitaUe fiir use in locomotives and ships, is cS 
hqi^ber rank, tranritional towards anthracite. It bupts with 
fitdc smdkct but ignites more easily than anthradte and has a 
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high heat-producing capacity. The properties of anthracite — 
slow ignition and slow burning, with intense heat and no 
smoke — are determined entirely by its high rank. Even such 
spores as may still be detectable have been reduced to ghostly 
carbonized relics. 

Goal Seams and Coalfields 

The essential conditions for the development of a coal seam 
are (a) long-continued growth of peat ; and {b) subsidence 
of the area and burial of the peat beneath a thick accumulation 
of sediments. The peak period of coal formation was the 
Upper Carboniferous. Hercynian movements then provided 
the extensive, rhythmically subsiding basins in which the sedi- 
ments and coal seams of the Goal Measures were deposited ; 
and provided them, moreover, along a belt running through 
North America (bordering the Appalachians), the British Isles, 
and parts of Europe and Asia, where the climate was then hot 
and the vegetation luxuriant. 

There are no coalfields earlier than the Carboniferous. 
Land plants capable of preservation make their first feeble 
appearance only towards the end of the Silurian. By Carboni- 
ferous times, however, a rich and prolific flora had developed, 
and the fossilized remains of more than three thousand species 
are already known. The chief coal-makers were tall forest 
trees {Lepidodmdron and Si^larioy with widely spreading roots 
known as Stigmaria) which grew to heights of as much as a 
hundred foet ; and giant reeds called Calamites (the ancestors 
of the little horse-tails of to-day) which flourished in bamboo- 
like thickets to a height of fifty feet or more ; together with an 
undergrowth of sm^er rushes and ferns, and slender plants 
of trailing or climbing habits (Fig. 179). No flowers or birds 
enlivened these gloomy jungles, but insects — again of extra- 
vagant size — ^were abundant. 

Practically all seams of bituminous coal and anthracite 
have cotain characteristics which are consistent with the 
theory that each seam rqircsents the actual site of the svramp 
in vdflch the parental v^tation lived and died. 

339 



AS A FTJEL ICAKEll : GOAL AND OIL 



Fro. 179 

Reconitruction of a Garbonifoous forest 


(a) The “ seat earth ” which forms the floor of a seam is a 
h^'grade fireclay (useful for making refractory bricks). It is 
xiddl^ with iimumerable rootlets of the ' plants wluch first 
ookmized the swamp, and may even contain casts of sdgmarian 
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[H.Af. Geol. Survey 

(A) Remains of pine forest, exposed by removal of peat, near Daless, 
Findhorn Valley, Nairn 



[/. J?. Stewart 

(B) Remains of Carboniferous forest (fossil trunks of Lepidadendrm rooted 
in shales), Victoria Park, Glasgow 





[FronhBurma Forest Bulletin No, ii, by permission 
(B) Aerial view of forest, swamps, and creeks, Irrawaddy Delta, Burma 
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roots, ofton in the position of growth. The trunks either 
rotted away above water level or fell into the swamp to con- 
tribute to the lower part of the seam. 

(li) The roof of the seam sometimes contains casts of the 
trunks of great forest trees. These represent the generation 
that was drowned when the swamp conditions were brought 
to an end, for the time being, by subsidence and general 
inundation. 

(c) Seams are generally of very wide esAeat, sometimes 
covering areas of thousands of square miles wi& but little 
variation in thickness. 

(d) Seams are locally interrupted by “ wash-outs,” that is, 
by the sandstone-filled channels of streams that flowed through 
the forest swamps, like the distributaries of modem deltas. 

(e) The coal contains no fish remains or other fossils of 
aquatic animals, and (except in certain bands of durain) is 
uncontaminated by muddy sediment. Such ash as remains 
when the coal is burnt is derived either fi:om the vegetation 
itself or from carbonate minerals and pyrite (the brassy- 
looking material sometimes seen in coal) subsequendy deposited 
in cracks fiom ground-waters. Seams and bands of the durain 
type may, however, leave a little sedimentary ash. These dull 
coals seem to have accumulated in stretches of stagnant water 
into which a limited amount of fine sediment might be intro- 
duced while the delta rivers were in flood. 

In the special coals — ^the cannels and bogheads — ^muddy 
sediment is much more abundant than in durain. Moreover, 
these varieties contain the remains of fish and other aquatic 
organisms. The water in which the mud-contaminated ooze 
accumidated was therefore not stagnant, but was continually 
renewed and oxygenated. Evidently these coak were formed 
pot in Jtfo, but fix>m plant debris that was drifted by wind and 
runnii^ water into lakes with a through drainage. Such con- 
ditions would also arise locally in the hollows of a peaty 
surface just beginning to subside. Matching expectatiem, thin 
lenticles<^cannd of limited area are feund to occur at the top 
of many seams of otherwise normal coal. 

<"«> 341 


23 



LIFE AS A FUEL MAKER : GOAL AND OIL 



Fio. 180 

Map of the coalfields (black) of the British Isles. Areas of younger rocks are 
iiuBcated by shading; those of older strata are left unshaded. (The leading 
tectonic structural lhas of Scotland and their continuations into Ireland are 
added for convenience ; see pp. 367 and 436) 

In the Upt^r Carboniferous coalfields the successive seams 
are separated by a characteristic sequence of sediments which 
is commonly repeated dozens of times, an4 in some localities 
himdreds of times. A coal seam is usually rodfed with shales 
in whkh fossil leaves and bands of freshwater mussels fire- 
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quently occur. As they are followed up the shales become 
sandy and pas into sandstones, sometimes with shaly 
interruptions. Then follows the seat earth that underlies 
the next coal. The picture is clearly one of repeated alter- 
nations of phases of subsidence and phases of comparative 
rest. 

The subsiding regions developed into widespread tectonic 
basins lying between rising tracts of coimtry which supplied 
the basins with sediments and kept them filled. The floor of 
part of the South Wales coalfield sank more than 10,000 feet 
in all, while to the north a persistent ridge of higher ground 
separated the southern basin firom the vast area of irregular 
depression in which the northern coalfields originated (Fig. 
180). The sediments of this group of coalesced basins came 
mainly from an upland region now represented in part by the 
Highlands of Scotland. 

Evidently at this time both the British area and the 
adjoining parts of Europe (Fig. 200) were being warped into 
basins and swells by pulsations of pressure associated with the 
Hercynian mountain-building movements. The latter were 
already in active progress farther south. By later movements 
the basins and their contents were themselves buckled, folded, 
and faulted. The dominantly upfolded portions, being ex- 
posed to denudation, have since lost their original covering of 
Coal Measures. The downfolded portions, however, have been 
preserved as the isolated coalfields of to-day ; either where the 
Goal Measures are exposed at the surface, or, like the coalfield 
of Kent, where they are conc^ed by a blanket of later 
deposits. 


Petroleum 

. Fetrolieum (Gr.^sfm, rock, L. ohum, oil) is the general term 
for all the natural hydrocarbom — ^whether gaseous, liquid, or 
solid — found in rocks. In common usage, however, it rders 
more particularly to the liquid oils. Gaseous varieties are dis- 
tingui^ed as natund gas. Highly viscous to solid varieties are 
called bitmen or asphalt, but the latter term is also ap{^ybd to the 
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Utuminous residues left when petroleum is refined, and to 
natural and artificial paving materials composed o£ sand, 
gravel, etc., with a bituminous cement. 

Petroleum consists of an extremely complex mixture of 
hundreds of different hydrocarbons, generally accompanied by 
small quantities of related compounds containing nitrogen, 
sulphur, or oxygen. The hydrocarbons fall into a number of 
natural series of which the paraffin series is the most familiar . 
Its members, all of which can be expressed by the formula 
GnHw+b range from light gases (e.g. methane, CH*, the Chief 
constituent of natural gas), through a long series of liquids Vthe 
chief ingredients of successive products of distillation such as 
petrol, parafiin oil, and lubricating oil), to paraffin wax (in- 
cluding GmH42 and higher members). Crude oils in wl^ch 
these hydrocarbons predominate are said to have a parafiin 
base ; they are generally of pale colour with a yellowish or 
greenish hue. The darker brown and greenish oils generally 
contain a high proportion of the naphthene series, each 
member having a composition of the type These 

furnish heavy fuel oils and, as they leave a dark asphal^c 
residue on being refined, they are said to have an asphaltic 
base. Intermediate varieties have a mixed base of wax and 
asphalt. In all crude oils there are also smaller propor- 
tions of several other series, including acetylene and its 
higher members, GnHsn-t, and a great variety of aromatic 
hydrocarbons, of which the benzene series, G„H2„_4, is an 
example. 

To avoid confusion it should be clearly understood that 
neither oil shales nor the cannel and boghead coals contain 
petroleum as such. If they did, it could be dissolved out by 
carbon disulphide. They do, however, contain ^(hbitmirms 
substances which can be altered into oil and bitumen by heat. 
Such dqxsits can therefore be made to yield a group of 
petrdeum products by destructive distillation. Petrd and 
rdated products can be obtained in commercial quantities 
fixnn ordinary coal only by highly technical processes involving 
die intimate introduction of hy^gen into suitably i»epared 
coal at high pressures and temperaturesi. Petrol can alto be 
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made from the heavier and less valuable oils by a similar but 
less elaborate process of hydrogenation. The following table 
summarizes the sources of oil and related products : 


Siiumuuna diposiis 

Fitnleum 

Pyrthhiiunmm deposits 
requiring 

destructwe distdktm 

Carhonaceous deposits 
reqmring 
hydrogenatum 

Natural gas 

Gmde or mineral oil 
Bitumen and mineral 
wax 

Tar sands and asphalt 

Special Goals : 
Gannels 

Bogheads 

Oil-shales 

Ordinary coals 


Being fluids, oil and gas behave very much like ground* 
waters. They occupy the interstices of pervious rocks, such 
as sand and sandstone and cavernous or fissured limestones, 
in places where these “ reservoir rocks ” arc suitably enclosed 
by impervious rocks, so that the oil and gas remain sealed up. 
Accumulations on a scale sufficient to repay the drilling of wells 
are referred to as oil or gas pools. The “ pool,” however, is 
merely the part of a sedimentary formation that contains oil 
or gas instead of ground-water. 

The Origin of Petroleum 

Unlike coal, petroleum retmns within itself no visible 
evidence of the nature of the material fix)m which it was 
formed. It has been suggested as a purely speculative possi- 
bility that oil may have been form^ by volcanic or deep- 
seated chemical processes akin to the production of acetylene 
by the action of water on calcium carbide. But these hypo- 
theses are quite incompatible with the geological distribution 
of oil and with certain peculiarities of its composition and pro- 
perties. All the relevam evidoice points convincingly to an 
organic origin. 

(a) Some of the constituents of petroleum have the pro- 
party a[ altmng the direction of vibration of light rays. This 
“ ^Hical activity ” is characteristic of certain substances pror 
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duced by plants and animals, but is not shared by the hydro- 
carbons and related compounds generated by purely chemical 
reactions. 

(i) The nitrogen-bearing constituents of petroleum indude 
a group of compounds called porphyrins which can be formed 
only from the green colouring matter (chlorophyll) of plants 
or ^m corresponding colouring substances of animal origin. 
Oil-shales rich in algal remains also contain vegetable por- 
phyrins. In the presence of oxygen the porphyrins are qui^y 
destroyed, and their persistence in oil indicates that the laner 
must have originated in an environmoit from which mee 
oxygen was absent. Although the porphyrins derived from 
v^;etation are more easily oxidized than those of aninid 
origin, they are, nevertheless, the dominant type. It is therefore 
probable lhat plant life has contributed to the raw material of 
petroleum more than animal life. 

(c) Oil is not fotmd in assodadon with volcanoes or 
igneous rocks, except accidentally. West of Edinburgh, for 
example, oil shales have been invaded by intrusions and 
volcanic necks, with results comparable to those obtained 
when oil shales are distilled. Oil so liberated by metamorphism 
would naturally migrate into overlying sandstones, and there 
it is still occasionally found. No major oilfidd, however, has 
originated in this way. About 70 per cent, of the world’s 
known oilfidds have been located in marine sediments of 
Cretaceous and Tertiary age, generally along the flanks and 
in the less dosdy folded portions of the Tertiary orogenic bdts. 
Most of the remaining Adds occur in the Falseozoic sediments 
of North America and the U.S.S.R. in the geosynclines and 
mai|^nal basins of earlio: ages {rf. Fig. 182). No oil pools of 
commercial importance have been found in sediments older 
than die Ordovidan. 

(d) The exktence cd* {nc-Garbonifermis oilfidds su^^ts 
that land plants were not essential to formation, and this 
infisroice is strengthened by the important fact that no signifi- 
cant! lateral coainection between coal seams smd dl pods has 
irnywhoeblsen traced. Utetwomayocciarindoseassodatkm 
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by some accident of faulting, and one may lie above the othor 
in a sequence of varied strata, but in lias the 

associatum any bearing on the origin of oil. While it is' not 
impossible that drifting relics of land vegetation, swept into 
the sea by great rivers, may have contributed to formation, 
it is likely that such a source was quite subsidiary to the con- 
tributions furnished by marine algae and diatoms. Moreover, 
wherever the conditions were such that organic residues from 
marine plants could survive, they must equally have favoured 
the accumulation of similarly unconsumed remains of fbramini- 
fera and other forms of animal life. 

The various lines of evidence all lead to the conclusion that 
petroleum has originated from organic matter which became 
incorporated in the sediments of depressed regions of the sea 
floor. The organisms flourished in the surface waters, and 
their dead remains sank into stagnant dq>ths with a marked 
deficiency of oxygen, where bacteria alone could live, and 
where they were safeguarded from being either oxidized or 
eaten. Indeed, under these conditions oxygen would be 
actually abstracted by bacteria, and the organic matter trans- 
formed into fatty and waxy substances. For an example of 
the early stages of oil formation, in progress at the present day, 
reference may be . made to the muds now collecting in the 
deeper parts of the Black Sea. Samples dredged up contain 
as much as 26 per cent, of organic matter, and 10 per cent, of 
this has already been changed into heavy hydrocarbons, 
soluble in benzme. The solution, moreover, is green and 
contains traces of chlorophyll. The oil first generated in 
mud is mainly bitumen composed of large molecules. The 
lighter hydrocarbons of the paraffin series appear to be later 
derivatives, produced by a kind of natural refining brought 
about during burial by increased pressure, rising tempera- 
ture and continued bacterial action. Bacteria are known 
to exist in the groimd-waters of certain oilfields. The details 
of those later developmrats are, of course, very difficult to 
trace. 
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Mioeation and (concentration op Petroleum 

The sediments in vdiich petroleum had its origin are called 
the source rocks, to distinguish them irom the reservoir rocks in 
which oil and gas are now found on a commercial scale. The 
reservoir rocks carry far more oil than could possibly have 
originated within them and, moreover, they commonly contain 
fossils of the benthos group which lived on the bottom in shallow 
oxygenated waters where no appreciable quantities of oi;gSuuc 
matter could have survived. The source rocks, on the omer 
hand, must have been muds and calcareous deposits wth 
fossils, when preserved, corresponding to the organisms (maimy 
of the plankton group) which contributed the raw mateiil^ 
of petroleum. An oil pool is, in fact, a concentration of qil 
which has migrated from the source rocks into places where it 
could draw to a head and accumulate. 

Source beds such as clay and shale are now compact and 
impervious. But while they were still unconsolidated they 
contained a high proportion of sea-water carrying dispersed 
globules of oil. During this stage circulation of the mixe4 
fluids would sooner or later become possible, in response to 
pressure differences set up by a varying overhead load or, 
more efiectively, by earth movements. As the source beds 
become compressed, the squeezed-out fluids pass into more 
coarsely porous and less compressible formations, such as 
sands. Once the oil has been flushed into these permeable 
beds it may be carried through them for long distances, but 
it (mmot ^ain escape fi^m them, imless the overlying rocks 
are fissured. If the mixed fluids encounter a sediment with 
very fine pores, the water may filter slowly through, but the 
oil is held bacL Within the sand or other reservoir bed the 
oil trickles upwards through the water until it comes up against 
an impervmus barrier and collects there. 

In general, then, oil migrates outwards and upwards finm 
the source beds, passes into coarsdy porous or fissin«d reservoir 
bedi^ rises to die l%hest possible levd, and collecb into sm oil 
pobi Rdierevo’ the structure provides a triq) which impedes 
fiacther n^raticnL Gas, if pres<mt in excess of die amount 
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that the oil can hold in solution, bubbles to the top and fimns 
a gas over the pool. Beneath the pool the pore spac« are 
occupied by ground-water (often salt) which is conunooly undo: 
a very considerable hydrostatic pressiu%. If the pressure and 
gas content are sufficioitly high, the oil gushes out like an effer- 
vescent fountain when the pool is tapped by drilling. But 
when the pressure conditions are insufficient to drive the oil 
to the surface — or become so as the initial pressure falls off — 
pumping is necessary to bring it up. 

In accordance with the principles of oil concentration a 
dome or anticline of alternating pervious and impervious 
sediments makes an efficient trap for oil migrating towards it 
(Fig. 181a). Isolated open anticlines surroimded by extensive 
gathering grounds have a much better chance of being pro- 
ductive than more closely packed folds. Not only have the 
latter to share a limited supply, but they arc likely to be too 
much broken and fissured to retain any oil and gas that passed 
into them. 

Although the “ anticline theory ” of oil concentration 
dominated the search for oil for many years, it gradually 
came to be realized that anticlines are far from being the only 
traps, or even the most productive. The early discovered oil- 
fields of Pennsylvania, for example, occur in a broad sedi- 
mentary basin in which the formations still remain practically 
horizontal over widespread areas. Here the oil pools occupy 
lenticular bands of porous sandstone which pass laterally, as 
well as vertically, into shales ; thus the oil is sealed within an 
impervious envelope (Fig. 181c). Oil pools occupying the 
upper ends of tilted reservoir beds are also of great importance. 
The tilted bed may pass laterally into shale, or it may be more 
abruptly cut off by an impervious banior. The obstacle 
may be a fault throwing an impervious bed s^ainst the reser- 
voir bed (Fig. 1816) ; or a hill belonging to an mident land 
surface which was unconformably overlapped and buried by 
a later series of p^roliferous strata (Fig. 181d) ; or a salt dome 
which has been . intruded into a thick series sediments 
(Fig. 181«). , 

Salt ^mes are cuiious structures occurring in great 
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Secdcms to illustrate various types of structural traps favourable to the accumula- 
tion of oil and gas (gas is omitted except in a) ! 

numbers along the Gulf Coast of the United States and in 
other regions where salt deposits have been deeply buried. 
Being plastic under high pressure, the salt is squeezed towards 
places of weakness in the sedimentary cover. It then develops 
into a plug which ascends through the cover, perforating and 
doming up the beds as it advances. Some salt domes rise from 
depths of four or five miles. In Iran some of them bulge up 
the surface, and those that are stiU actively rising pierce the 
roof and escape down the slopes as “ glaciers ” of salt. The 
simple case illustrated in Fig. shows oil accumulating 
against the walls a salt dome. Oil may also be dammed 
back by fiiults produced in the surrotmding rocks by the upward 
drag cf the intrusive salt, and finally, innay collect in the 
domed sediments over the tooS. 

Op is n(A necenarily, ot even generally, confined to a ain|^ 
reservoir bed in a ^ven fidd. Any suital^ placed fonhadon 
may have been fed either firom an outlying primary source, or 
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via an underlying pool, the oil from which escaped upwards 
through fractures in the intervening impermeable beds. Oas, 
in particular, readily migrates to Ugher levels, and in many 
places vast quantities occtir alone. This reflects the natural 
tendency some varieties of petroleum to differentiate into 
asphaltic and gaseous fractions. If the reservoir begins to leak 
after such fractionation has taken place, the mobile gas moves 
on and leaves the sticky asphalt behind. Most of the gas 
encountered by drilling was formerly discharged into the air 
and wasted. But now it is welcomed, not only as an easily 
distributed source of power and illumination, but still more 
because its heavier constituents can be condensed into petrol. 


The Discovery of Oilhelds 

Wherever the cover of a reservoir is perforated by fissures 
leading up to the surface, leakage of gas and oil becomes 
inevitable. Moreover, denudation may strip off the covering 
rocks imtil gas can force a passage through the roof and so open 
a way for the subsequent escape of oil. Thus the most obvious 
indications that a region is petroliferous are (a) seepages and 
springs of gas or oil ; and {b) superficial deposits or veins of 
asphalt and other more or less “ solid ” residues of petroleum 
left behind after the volatile constituents have evaporated. 

I nflamm able gas may be found bubbling through the water 
of springs and wells or streams. In a few places gas escapes 
on a more spectacular scale. Historical records show that 
vigorous gas jets may persist fi}r many centuries. Blazing jets, 
like the “ perpetual fires ’* along the Caspian coast near Baku, 
were long regarded with veneration by Fire Worshippers. 
Where gas erupts through water-bearing strata and clays it 
carries up wet mud and spatters it around the vent until a 
mound is built up with a crater at the summit. Choups and 
rows of these “ mud volcanoes,” occurring on the crats 
antidfines or along &ults, are w^ known in Burma, Ttimdad, 
California, and various other localities. Eruptimi may be 
continuous at spasmodic, according to the gas jumsure and 
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the nature of the obstruction to be overcome. There is, of 
course, no connection with ordinary volcanic activity. 

Flowii^ springs of oil emerge at the surface in some 
localities, but more commonly the exudations are sluggish, 
and the oil may be seen only as iridescent films on water. The 
largest surface “ shows ” are sands cemented with residual “ tar ** 
(bitumen), or localized deposits of more concentrated asphalt. 
These residues may eventually plug up the outlets and so pre- 
vent further losses from depth ; but, on the other hand, they 
may be all that remains of an otherwise dissipated oil pool 

Evidence of the use of bitumen in Mesopotamia dates back 
to very ancient times. Long before Noah caulked his Ark \wth 
asphalt, the value of bitumen for cementing and waterproofing 
purposes had become familiar to the Sumerians (4000 b.c\). 
The whole region of the Middle East, firom the Caucasus to 
Iran, is now known to be richly endowed with concentrations 
of oil. The famous asphalt Isike of Trinidad, first described 
by L 67 in 1786, is still being replenished from underlying oil 
sands, but much too slowly to keep pace with the immense 
quantities removed each year. AnoAer well-known occurrenoe 
is near Los Angeles, where crater-like depressions blown out 
by gas have been l^ed with deposits of asphalt. Here the 
skdetons of a great variety of prehistoric animals are found in 
a perfect state of preservation, their unfortunate owners having 
broken through Ihe surface crust and become helplessly mired. 

The first oilfields to be discovered were naturally found by 
digging wells in the neighbourhood of surface “shows.” 
Many centuries before the Yenangyaung field of Burma 
(Plate 77a) was developed by modem methods the Burmese 
collected oil fix>m surface exudations and later from shallow 
hand-dug wdlls. Yenangyaung is the classic example of the 
concentration of oil in the sands of an elongated dome. Oldham 
was the first ge^gist to survey the area, and as early as 1865 
he pointed out the importance of antidtUal stmctures as oil 
traps. Neva*dieless litde call was made on the services ci 
geok^ts until after 1900^ when the demand for oil began to 
aoelerate, first for motor transport, then for aeroplai^, and 
eveptiially for war purposes and national security. It was then 

35a 



THE SEARCH FOR OH. 


realized that the systematic discovery of oil involves the search 
for potential oil traps, that is to say, it demands the detailed 
geological survey of all the regions in which oil might con- 
ceivably He hidden. The search for oil became a geological 
enterprise. 

It is obvious, however, that in addition to the favourable 
structures that can be located from outcrops at the surface, 
there must be some that cannot be detected in this way, and 
others that He concealed by tropical forests or marshes, by 
spreads of aUuvium, boulder clay, desert sands or loess, or even 
by the sea. Hidden anticlines and structures such as the 
buried bills and salt domes illustrated in Fig. 181 can be 
detected by the gravity anomaHes (p. 404) to which they give 
rise. Significant structures of all Hnds can be explored by 
their effects on artificial earthquake waves (p. 371). Such 
waves are generated to order by exploding a charge of dynamite 
in the ground, and the waves reflected or refracted back to 
the surface by the rocks encountered in depth are then recorded 
by seismographs placed at suitable distances from the point of 
explosion. Many hundreds of salt domes, for example, have 
been successfuUy located by this method. Magnetic and 
electrical methods of exploring underground structures have 
also been devised. 

The discovery of a favourable structure does not, of course, 
guarantee that oil will be found. On the other hand, the 
absence of surface indications is no proof that oil will not be 
foimd ; it may also mean that the oil, if there, is sealed in so 
efficiently that it cannot escape. Whether oil is present in 
commercial quantities or not can be finally determined only 
by the practical test of sinking wells to strike the parts c£ the 
suspect^ reservoirs where oil is most likely to be concentrated. 

In the early days of the oil industry a few important oil- 
fid& were fotmd more or less by accident. Wells driUed for 
water, for example, sometimes strike oil. Moreover, there have 
always beat optunistic operators wilHng to risk their capital 
and take a chance by sinl^g " wildcat ” wdls on sites sdected 
for smne quite unscientific reason. Only 3 or 4 per cent, of 
these speculative ventures have proved successful, but the 
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&buIous profits that reward success continue to encourage 
wildcat prospecting. It is a remarkaUe fact tiiat the fim 
indication of the existence of a great oilfield in East Texas 
was discovered in 1930 merely by drawing a line between two 
of the already developed fidds of Texas and Louisiana and 
drilling along it. In twdve years this prolific fidd produced 
over 300 million tons of oil firom about 30,000 wdls in an area 
of 7 miles by 40, and it will probably yidd at least as much 
again before it is exhausted. This is a world record so far , 
The following production figures for the last fiill year baore 
the War serve to illustrate the general distribution of oil\by 
countries : \ 


Petroleum Production (m tons) in 1938 


U.S.A 

167,706,000 

Peru .... 

. 2,186,000 

U.S.S.R. . . . 

29,630,000 

Burma and India . 

. 1,436,000 

Venezuela . 

27,667,000 

Bahrein 

. 1,117,000 

Iran .... 

10,192,000 

Canada . 

. 883,000 

Dutch East Indies. 

8,194,000 

Germany . 

. 699,000 

Rumania . . . 

6,761,000 

Poland. . . . 

. 641,000 

Mexico 

6,434,000 

Japan .... 

. 344,000 

Iraq .... 

4,298,000 

Ec|uador . . . 

. 291,000 

Goicanbia . . 

3,068,000 

Egypt .... 

. 222,000 

Trinidad . . . 

2,641,000 

All other countries 

. 321,000 

Argentina . . . 

2,386,000 

Total. . . . 

276,806,000 


The total world production up to the md of 1938 is estimated 
to have been about seventeen times the 1938 total, and the 
proved reserves at that date amounted to about sixteen years’ 
supply at the 1938 rate of extraction. However, as new fidds 
are continually being discovered, it is not likdy that any 
serious shortage of oil will be fdt &r many years to come. 

A particularly significant fact is that 64 per cent, of all the 
ml aln»dy won has been contributed b^ the United States, 
aldiough its territories indude only 16 per cent, of the world’s 
total area i^immeumorphosed marine sediments t^Paheozmc 
and later aga in which oil might be expected to occur. Let 
us caO .64/16 or 8*0 the rdative productivity of the United 
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Map ihowing the distribution of the chief (ulfields, with production figures by countries in 1938 (in of tonsl 

{After G. M. Lees) ’ 
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States. Tben the corresponding productivity for all the Kst 
of the world is 46/86 or 0*64. This means that sevm times 
more oil has been obtained from the marine sediments of the 
United States than from the similar sediments elsewhere. Yet 
from a geological point of view there is no obvious reason why 
the United States area should have been so specially favoured. 

It may be conceded as probable that the United States has 
more than an average share of the world’s oil, but it must pot 
be overlooked that its citizens have sought for oil fru: nlore 
actively than those of any other country. Geologists have 
been employed in making systematic surveys on a scale rival^ 
only by Britain and the U.S.S.R. (who, however, bega,n laie) 
and the efforts of wildcatters have provided much additions 
information, as well as a surprising amount of oil, despite the 
wastage of effort involved in the attempt to short>circuit the 
preliminary search for structures. Altogether more than a 
million wells have already been drilled and the number grows 
by about 30,000 a year. Moreover, as the shallow pools 
became exhausted, wells have been sunk to ever-increasing 
depths. One exploratory well in California has been carried 
down just over 15,000 feet. In the light of this record of 
enterprise it is impossible to resist the conclusion that the high 
rate of oil production and discovery in the United States 
reflects the intensity of the search as well as the actual resources. 
It may not unreasonably be anticipated that other lands 
favoured with suitable sediments and structures may yet be 
rewarded with successful discoveries when the problem of 
finding oil is tackled with corresponding energy and efficiency. 
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(A; J3ark preserved as vitrinite. x 350 
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(B) Dull coal (durain) with spores, x 30 
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(G) Normal banded coal, x 30 
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\Bvmah Oil Co,, Ud, 

(B) Part of the Digboi Oilfield, Assam 




PART III-INTERNAL PROCESSES AND 
THEIR EFFECTS 


Chapter XVII 

EARTHQjLTAKES 
The Nature of Earthquakes 

When a stone is thrown into a pool, a series of waves spreads 
through the water in all directions. Similarly, when rocl^ 
are suddenly disturbed, vibrations spread out in all directions 
from the source of the distwrbance. An earthquake is the 
passage of these vibrations. In the neighbourhood of the 
disturbance itself the shaking of the ground can be felt and 
the effects may be catastrophic, but further away the tremors 
die down until they can be detected only by delicate instru- 
ments called seismographs (Gr. snsms, an earthquake). 

Vibrations are set up in solid bodies by a sudden blow or 
rupture, or by the scraping together of two rough surfaces. 
Corresponding causes of earthquakes in the earth’s crust are 
volcanic explosions, the initiation of faults, and the movements 
of the rocks along fault planes. Perceptible tremors are set 
up by the passage of trains and tanks, by avalanches and 
landslides, by rock falls in mines and caverns, and by explosions 
of all kinds. When a munition factory explodes, the intensity 
of the resulting earthquake may be comparable with that of 
volcanic earthquakes. The majority of earthquakes, however, 
including all the most widespread and disastrous examples, 
are due to sudden earth movements, generally along faults ; 
these are distinguished as Uctomc earthquakes. The term 
tectom (Gr. Ukton^ a builder) refers to any structural change 
brought about by deformation or displacement of rocks 
iuch^scture). 

The caiioe of tectonic earthquakes is thus the application 
ef stresses to rocks until they are strained to breaking point, 
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when they suddenly rupture and move. The fault movement 
themselves, as already described on page 78, may be either 
vertical or horizontal or oblique. After the great Alaskan 
earthquake of 1899, it was possible from the presence of 
barnacles clinging to the uplifted rocks of Disenchantment 
Bay to measure the uplift, which in this case reached an 
exceptional maximum of 47 feet. In Japan the crustal blocks 



Fxo. 188 

Map of Sagami Bay, Japan, showing movements associated with the earth- 
quake of September 1, 1923. Vertical displacements ranging &om a few inches 
to several feet are indicated by shading on the downthrow side of the feult 
lines. Horizontal rotation in a clockwise direction is indicated by dotted 
lines, with numbers representing the displacement at various localities in feet 

often move obliqudy, both vertical and sideways movements 
beii^ observed. Surveys carried out after the Sagami Bay 
esothquake of 1923, when Tokyo and Yokohama were wrecked, 
showed that the floor of the Bay and the surroundmg mainland 
had twisted round a little in a clockwise direction, the observed 
shift Ctehima Island bdng over 12 feet (Fig. 183). Both in 
Japan and the Philippines the horizontal fault displacements 
indicate a gcmoral southerly movement of the Pacific side. 
On the other hMid, the horizontal movonaits along the San 
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Andreas fault in California point to a northerly movement on 
the Pacific side (Fig. 184). . Along one stretch c£ the San 
Andreas fault, deep ravines in the hillsides on the continental 
side of the fault are abruptly displaced, reappearing on the 
seaward side 160 feet to the north-west. This probably rq)re> 
sents the cumulative effect of several comparativdy recent 



I Fio. 184 

of part of Galiforaia and Nevada ahowing the San Andreai findt and the 
other chief &ulti of die area. Many of dieie have been active in recent time 

fault movements, each like the one responsible for the 1906 
earthquake whoi the maximum lateral diiff was 21 feet 
When the rocks are nearly at their breaking pdnt, m 
earthquake may be precipitated by som^ minor, but quite 
extssneom agent, such as a high tide, a rapid change o£ 
barometrk pressure, or shakii^ by an indepaadwt ea r t h quake 
oeiginating dsewhere. Thus arises the occaatmal associati o n 
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of earthquakes with great storms or with other 
The principal shock, wluch generally lasts only a few seconds 
or at most a minute or two, may be preceded by fore-shocks, 
and is invariably followed by a series of after-shocks. The fore- 
shocks represent the preliminary loosening and removal of 
small obstructions along a fault plane or zone. When these 
have been overcome, the main movement occurs. But complete 
stability is not restored immediately, and moreover, the jolt 
often disturbs adjoining fault-blocks. The after-shocks repre- 
sent the minor movements as the region gradually setdes down 
again. G>nsidering the whole earth, earthquakes of one kind 
or another take place every few minutes, but many of these 
are so slight that they are l^own to have occurred only from 
instrumental records. Really severe earthquakes, which would 
be catastrophic in populated areas, take place about once a 
fortnight on an average. Fortunately most of these originate 
beneath the continental slopes and do litde damage. 


The Effects of Earthquakes 

One of the most alarming and disastrous features of a 
great earthquake near its place of origin is the passage of large 
“ surface ” waves over the ground, which is thrown into ever- 
changing undulations. The latter may be only a foot high 
and 30 ^t or so from crest to crest, but the rapidity of their 
rise and fall often gives the terrifying impression that the 
ground is writhing like a storm-tossed sea.” Fissures gape 
open at the crests, only to dose again as the waves pass and tiie 
crests turn into trough. Roads axe cracked open (Plate 78a), 
railways are buckled and twisted (Plate 78b), bridges collapse 
(Plate 79), and buildings are shaken down. On the. sea floor 
tdegraph cables may be broken. The surface waves are a 
local by-product of the normal earthquake vibrations, which 
are of a much snudler order. In the Assam earthquake of 
1897 titb ground vibrated more than two himdred times a 
minute, each to and fro movement being more than a foot 
in rax^. Such rapid shaking throtgh even an inch or two 
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would be hi^y destructive. A range of a quarter of an inch 
would suffice to wreck most buildings not specially constructed 
to resist earthquake shocks, and one of xbW ^ 

The effect cm the feet of the vertical vibrations in a strong 
earthquake has been described as like the ** powoful upward 
blows of a monstrous hammer.” 

In the region of destruction landslides are set moving on 
valley sides, and avalanches are started m snowy mountmns. 
Glaciers are shattered and where they terminate and Imak 
off in the sea icebergs become imusually abimdant. Vast 
masses of wet sediments may be so loosened by subma^e 
shocks that they slump for niiles down the continental slope. 
In Sagami Bay in 1923 parts of the floor were thus lowered\by 
1,000 to 1,600 feet, other parts being correspondingly raised. 
Underground water is greatly disturbed by earthquakes, and 
new lakes or swamps may be formed and old ones drained. 
Compression of water-filled sands, especially in alluvial 
districts, forces the water to ascend through fissures and often 
to issue at the surface in powerful sandy jets around which 
sand-craters develop. ' 

Strong submarine earthquakes are followed by seismic sea 
waves, technically called tsunamis (Japanese). The celebrated 
Lisbon earthquaite of 1755, probably the greatest on record, 
originated in a sudden subsidence of the sea floor to the west. 
At lisbon the sea withdrew inunediatdy after the principal 
shock, only to return as a gigantic wave, about 40 feet high, 
which swqpt across the Iowa* parts of the city and completed 
the ruin and desolation. The ebb and flow of the sea continued 
for some time after the first wave, this being an inevitable 
characteristic of all tsunamis, llie Lisbon earthquake was of 
such excepdorud severity that lakes were set oscillating as far 
away as Loch Lomond and Loch Ness, where the water 
ccBitsnued to nse and fall through a ra^e of two or three feet 
for about an how. 

Tito appallii^ losses of hmnan life diEt accompany great 
earthquato in populated areas are mainly due to secondary 
Cannes such as ^ collapse of buildings, foes, landslides, arul 
Q» mains me tom open and firm, once started, 
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rapidly spread bg^>iid control, since the water wiaina are alan 
wrenched apart. In San Francisco in 1906 far more damage 
was done by fire than by the earthquake itscE The Sagami 
Bay earthquake oS 1923 occurred just as the housewives of 
Tokyo and Yokohama were cooking the midday meal. Fires 
broke out in all directions and completed the toU of death and 
destruction. Two hundred and fifty thousand lives were lost 
and over half a million houses destroyed. In the loess country 
of Kansu in China, 200,000 people were killed in 1920, and 
another 100,000 in 1927 by catastrophic landslips of loess which 
overwhelmed cave dwellings, buried villages and towns, and 
blocked river courses, so causing calamitous floods. 


IsosEmiAL Lines and Depth of Origin 

Within the area disturbed by an earthquake — ^which may 
be anything up to millions of square miles — ^the intensity at 
any place is gauged by the effects on buildings and on the 
ground (fissures and landslips), on people, and on seismographs. 
The intensity is stated by reference to an arbitrary scale of 
twdve degrees (originally ten), of which the following is a 
brief summary : 


MODIFIED MERCALU SCALE OF EARTHQUAKE INTENSTIIES 

vil (> 600) Vay strong, cncking of 
walls, graeral alarm 


I (< 10) hutnamUUf detected 

only by seismograi^ 

II (> 10) Viry fiebk^ nodeed oxdy 

by sensidve persons ' 

III (> 25) felt by people at 

rest 

IV (> 50) Moderate^ felt by people 

inmotkm 

V (> 100) Rather strengg peojde are 

%vakenea» bells ring 

VI {>250) d%ht damage 


VIII (>1,000) Destruetweg chimneys 

M 

IX (>2,500) /Stfthoitf, houses begin to 

M 

X (>5,000) Disastnaug many build- 

ings destsoyra 

XI (>7,500) Verj^ disastrous^ few 

structures left stand- 
ing, ground fissured 

XII (>9,800) CkitastrepkiCg total de- 
struction, objects 
thrown into ajr^ 
g^xmnd ba(%twisted 
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The actual intenaty of the vibrations is measured by die maxi- 
mum accderation of the ground ; approximate values for the 
latto: are given in each case in brackets (the acceleration of 
gravity' in the same units is 9,800 mm. /sec. /sec.). From the 
centre of the disturbance the intensity decreases outwards 
inversely as the square of the distance. 

A line drawn through all places with die same intensity 



Fio. 186 


Block diagram diowing isoBcismal lines and their relation to the epicentre and 
to the wave paths radiating from the focus of an earthquake 


is an isosdsmal line (Fig. 186). Each one generally encloses 
a roughly circular or elliptical area, according as the place 
of origin the earthquake is a point-like or dongated area. 
The place of origin is called the or focus, and the point 
or line on the surface vertically above is the epUetOre or eptcenbral 
line. By comparing the intensities at the epicentre and 
alcmg an isoseismal line, Oldham showed how the depth of 
focus could be determined (Fig. 186). 

Intensity at (known) 
Intensity'at G sn (known) 

G is at a known distance d from £ 

G is at an unknown distance r from F 
£ is at an unknown distance Aabove F 

Fio. 1S6 

IXagnm to iUiistimte Okfiuun^ method for estunating the depth of the focus 

of on eaftbouake 
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By the inverse square law, 

nfm = A*/r* = sin* 6 ; the angle 6 being thus determined, 
h — d tan 6 — the depth of the focus. 

From the records of 6,605 shocks in Italy, Oldham found that 
90 per cart, of the earthquakes originated at depths of less 
than 8 km. (5 miles) ; nearly 8 per cent, at depths between 
8 and 30 km. ; and the rest at greater depths. Tectonic earth- 
quakes are now classified as 

Normal, when the depth of origin is 0-60 km. 

bOermediaie, when the depth of origin is 60 - 250 km. 

Deep-focus, when the depth of origin is 260 - 700 km. 

Volcanic earthquakes, which may be due to gas explosions or 
to the formation and injection of firactures by magma, are 
generally of relatively shallow origin. For this reason the area 
of disturbance is correspondingly small (a few himdred square 
miles at the most), though the intensity may be high near the 
volcano. 

DisTiuBtrnoN of Epicentres : Earthquake Belts 

Earthquakes may be recorded anywhere, but the places 
where they originate are confined to regions where earth 
movements or volcanoes are active. Fig. 187 s^>ws the 
distribution of known epicentres during the present century. 
The distribution turns out to be essenti^y the same when ^ 
known qiicoitres are plotted and, moreover, the distribution 
of the most severe shocks cmresponds closely with that of the 
most frequmt. It will be noticed that most earthquakes 
or^;inate in two wdl defined belts : a Circum-Paeifc belt (68 per 
cent, of all earthquakes) with offihoots from Japan to Yap 
Island and firom Goitral America through the West Indies ; 
and a Mediterranem belt (21 per cent, of all earthquakes) 
extending firom the Cape Verde Islands and Portugal, through 
Asia Minor and tibe Himalayas to the Dutch East In^es, with 
a side Inranch ^m Tibet through China. Only 11 per cent 
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of earthquakes originate dsewhere. Expressed in another 
way, the bdts form two rings {cf. Figs. 209-10) : one ftndfwing 
North America and most of Asia and Europe (known collec- 
tively as Laurasia)t and the other enclosing South America, 
Africa and Arabia, India, Australia, and Antarctica (known 
collectivdy as Gmiwandand). From Portugal to Burma the 
two rings coalesce. These bdts or rings are also those of 
Tertiary and recent mountain building. Judged by the 
frequracy of catastrophic shocks, the most dangerous lands 
are, in order, the Philippines, Italy, China, Asia h^or, Japan, 
Mexico, and the Balkans. 

In the immediate ndghbourhood of active volcanoes 
tectonic earthquakes are rare, though the latter may be 
numerous within a hundred miles or so. Earthquakes tend to 
occur most frequently and severdy on the outer sides of 
mountain and island arcs, especially where the slopes are 
steep (as off Japan and the Philippines), whereas volcanoes are 
generally aligned at some distance on the inside of the arcs 
(see Figs. 211 and 213). In the earthquake bdts, steep slopes 
are direct consequences of geologically recent mountain budd- 
ing, and tectonic earthquakes ofroi originate beneath steep 
slopes because they result from the present-day continuations 
of the same movements. 

A minor bdt of epicentres extends fium Spitzbergen and 
Icdand, along the mid-Atlantic “ swdl,” to Bouvet Island in 
the far south. Another runs fium the Nile through the lift 
valley region of eastern and central Africa (see page 433), with 
a side branch fix>m the Gulf of Aden through the Indian Ocean 
east of the Seychdles. Even in the more stable r^ons of the 
continents and ocean floors, sporadic shocks occasionally occur. 
In 1929, for example, a powerful earthquake originated be- 
tween I^va Scotia and Newfotmdland. No place can be 
regarded as permanoitly immune frrom shocks. Earthquakes 
are rare in Britain and most of those that do occur can be traced 
to bdated movements along andent faults such as the Great 
Gloi Fault akmg die Gale^nian Canal and the IBghland 
Bcurier Fault between the Gramiuans and the hfidland Valley 
of Scotland (see Fig. 180). 
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Seismographs and Seismic Waves 

From the focus of an earthquake, waves are propagated 
through the earth in all directions, and when they arrive at a 
seismological station they are recorded on seismographs, pro- 
vided they are not too vigorous to put the instrument out of 
action. Fig. 188 shows the essential parts of a common type 
of horizontal seismograph. The vibrations of the groimd Rre 
transmitted to a delicatdy poised, weighted boom whnch 
swings horizontally against a massive support which is finmy 
atta^ed to the ground. The weight tends to remain stationa^ 



Milxie-Shaw type 

and the movement of the end of the boom thus reproduces 
the horizontal components of the vibrations of the support. 
A small mirror attached to the end reflect a beam of light on 
to photographic paper wrapped around a drum which rotates 
on a long screw, so that while rotating it carries the paper 
along at rig^t angles to the reflected beam of light. The 
vibrations are dius continuously recorded on the paper with 
a magnification that depends on the length o£ the rdlected 
(d'lig^ 

The reo^ of a distant earfliquake has the appearance 
illustrated m Hg. 189. A first or primary pulse P is followed 
,1;^ raxnd oscillatioiis ; then comes a second pulse S, followed 
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EARTHQUAKE WAVES 

by more oscfllations ; and finally a third pulse L initiate; the 
“ long ” or “ main ” vibrations. The P or “ push-and-piill ” 
waves are compressional waves like those of sound, in which 
each particle vibrates in the direction of propagation. The 
S or “ shake ” waves are distortional waves, in which each 


Fto. 189 

Record at Pulkovo, Russia, of an earthquake in Asia Minor (February 9, 1909). 
The time interval S-P is 3 minutes 43 seconds, corresponding to a distance of 
1,400 miles from the epicentre. {After B. Galitsin) 

particle vibrates at right angles to the direction of propagation. 
The velocity of P depends on the density and resistance to 
compression of the rocks traversed ; that of S on the density 
and resistance to distortion. The deeper the waves go (until 
the earth’s core is reached), the faster they travel. At each 

Focus of 

Earthquake^^p pi Recording 

,c, Stahon 


'^^/nary (P) Wave 
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Section through a segment of the earth showing the paths followed by the P, S, 
and L waves generated by an earthquake at F and recorded at R 

depth, P travds more rapidly than S, and is thus recorded first 
(Fig. 190). The L waves are those that are confined to the 
crust by reflections up and down at its lower and upper sur- 
faces ; they follow a zig*zag path, and thus arrive later than 
the others. Thdr existence shows that tho'e is a crust, ai^ 
that the crust overlies a substratum with different properties. 






LAYERS OF THE EARTH'S CRUST 


the time c£ origin. Three distance determinations at .thiw 
wdl-spaced stations serve to fix the actual position the 
epicentre (Fig. 192). 

The Structure of the Earth’s Crust 

Seismograph records are of great interest to geologists 
because they provide the most powerful available means of 
exploring the earth’s interior. The P and S waves of distant 
earthquakes descend far beneath the crust, but those Of near 
earthquakes (within a few hundred miles of the stations where 
they are recorded) travel through the crustal rocks with velo- 
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(fi) IMagrainimitic secti<»> through the crystalline layers of the continental crust 
to show the probable paths followed by the six waves of P and S types observed 
in the record (4) of a near eardiquake. (After H. Jeffry.) Waves traversing 
the upper layer are distinguished as Pg and Sg ; those traversing the inters 
mediate layer as P* and S* ; and those traversing the lower layer as P and S 

cities that arc characteristic of the rocks through which they 
pass. The waves that travd through the upper U^er of the 
continental crust generally have velocities of 6*4 (Pg) and 3*3 
(Sg) km. per second (Fig. 193). These velocities agree with 
those calculated from the densities and dastic constants of 
granitic rocks, and it is therefore inferred that the upper layer 
of the continents is made of granitic rocks. Waves tiiat have 
traversed oyerlying ** veneers ” df sedimentary rocks, Pg and 
S., have lower vdodties, and thus give on the records pul^ 
which follow those of Pg and Sg, and can th^rfore be distin^ 
guidied. Other waves dive bdow the gramtic layer before 
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Fig. lU , 

Diagram lowing the velocities of long waves of different periods which liave 
traversed the crust of the regions indicated. The longer the period the deeper 
is the penetration of the wave concerned. The results demonstrate the contrast 
in structure between the continental crust (with a granitic layer) and the Pacific 
crust (without a granitic layer), and show that the granitic layer is relatively 
thin or patchy beneath the other oceans 


returning to the surface, and pass through a series of inter- 
mediate Iqjfers with vdocities ranging from 6*0-7*2 (P*) and 
3*5-4*0 (S*) km. per second. These velocities correspond 
approxhnatdy to those of plutonic and metamorphic rocks 
having a compoation like basalt. Waves that penetrate still 
deeper, like those of distant earthquakes, pass through the 
fewer tdth velocities of 7«8 or more (P) and 4*35 or more 
(S) km. per second. These correspond to the heavy rock 
materials of the sima, possibly comparable in composition to 
poidotite but probably differing in rtMuiy respects from any 
Imowh sinface rocks. 

Hie ^cknesses df the continental laym can be estimated 
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(A) Gaping fissures in a country road near Yokohama 



(B) Buckling of railway lines near Tokyo 
JAPANESE EARTHQUAKE OF 1st SEPT. 1923 




Breakdown of the Nagara-Gawa railway bridge, Japan. Mino-O^ ari earthquake, 28th October 1891 


EXPLORING THE EARTH’S INTERIOR 

from the travel times of the various waves, the results beii^ u 
follows : 

Sedimentary layer .... 0-10 km. (widely variaUe) 

Upper or Granitic layer . . 10-15 km. (becoming much thicker under 

the Alps and the Caucasus) 

Intermediate or Basaltic layers 20-30 km. (becoming much thinner under 

the Alps and the Caucasus, but thicker under 
die Sierra Nevada (U.S.A.) 

Lower layer Continuing down to the earth’s ewe at a depth 

of about 2,900 km. 

The structure of the oceanic crust is less well known, 
because there are few island stations at which earthquakes 
can be efficiently recorded. From the velocities of L waves 
which have travelled along the oceanic crust before being 
recorded it appears that the granitic layer is noissing from the 
crust underlying the greater part of the Pacific, and that 
it is present only in relatively thin patches below the Atlantic 
and Indian oceans (Fig. 194). Most of the oceanic crust seems 
to be like that of the deeper parts of the basaltic layers beneath 
the continents. At greater depths the materials have the same 
properties beneath both oceans and continents. 


The Structure of the Deep Interior 

The P and S waves of distant earthquakes reach great depths 
and their travel times indicate that their velocities increase 
with depth from the figures given above to about 13 (P) and 
7 (S) km. per second at a depth of 2,900 km. Relatively rapid 
changes occur at about 400 and 700 km., but whether these 
correspond to changes of composition or of state {e.g. from 
crystalline to glassy) is not yet Imown. However, at 2,900 km. 
there is a most conspicuous change (Fig. 196). The waves 
that just attain this depth em^e at the surface at places 
about 11,000 km. firom the epicaitre of the earthquake con- 
cerned. Stations lying up to 6,000 km. beyond this distance 
record no P or S waves, though the L waves come along as 
usuaL ' At distances more than 16,000 km. firom die epicentre 
oi the earthquake the P wave again appems and it continues 
GW) 373 as 




Section through the centre of the earth showing the wave paths (firm lines with 
arrows), wave fronts (dotted lines), and arrival times (in minutes reckoned from 
the zero time of the shock). Since there is a shadow zone free from P and S 
waves for each such earthquake, it is inferred that the earth has a core which 
re&acts the deeper waves as shown in the diagram 


to do so right up to the antipodes of the epicentre. Corres- 
ponding to each earthquake there is thus a ring-like shadow, 
free from P and S waves, as illustrated in Fig. 196. Hie part 
o£ the earth which casts this shadow is called its core. 

P waves pass throu^ the core with a greatly reduced 
velocity, but S waves are not transmitted at all. Since it is 
diaracteristic of liquids that they have no distortitmai dastidty, 
and that S waves cannot pass thror^hlhem, it is infored that 
frie earth’s core is eawndally liquid. The material itself k 
&(Hight to be mainly iron with a small percentage of nickd, 
partly because such a comporition matches the high denrity 
of tite earth and the velocity of the P waves friiough the cme ; 
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NATURE OF THE EARTH^S CORE 



Fig. 196 

The shadow zone cast by the earth’s core in the case of an earthquake 
originating in Japan 


partly because it corresponds with the composition of iron 
meteorites, which are probably samples from the interior of a 
disrupted planetary body ; and partly because the presence 
of abundant iron oxides in the crustal rocks implies a high 
concentration of iron in the interior, just as in a blast furnace 
a little oxidised iron remains in the slag, while most of the iron 
sinks to the bottom. 

SUGGESTIONS FOR FURTHER READING 
C. Davison 

Japamse Earthquake of 1923. Allen and Unwin (Murby), 

London, 1931. 

Earthtpukes. Allen and Unwin (Murby), London, 1936. 
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Chapter XVIII 


EARTH MOVEMENTS : MOUNTAIN BUILDING 

The Nature of Orooenic Belts 

As already indicated on p. 106, an erogenic belt is an dongated 
structural zone of the earth’s crust in which the rocb have 
been folded, crumpled, contorted or overthrust on a spectacular 
scale. As a consequence of the thickening of the crust due to 
intense lateral compression, long sections of each orogenic belt 
are upliiled, thereby becoming mountain ranges, like the Alps 
and the Himalayas, with a varied relief of high peab and deep 
valleys carved by the agents of denudation. Most of the great 
mountain ranges of to-day are parts of orogenic belts that ra mft 
into existence at various times of crustal unrest since the 
Jurassic period, and particularly during the Tertiary period. 
Others, like the Appalachians and the mountains of Scandi- 
navia and Britain, represent older orogenic belts that were 
deeply eroded long ago, but have since been rejuvenated, so 
to speak, by uplift associated with the crustal compression of 
Tertiary times. 

While all the present-day ranges of folded mountains re- 
present uplifted orogenic belts, it must be clearly realised that 
by no means all orogenic belts are now mountainous. Most 
of the Pre-Cambrian orogenic bdts and certain stretches of 
the later ones have lost their original mountainous relief by 
long continued denudation, so that the rocks now exposed 
to view {e.g. along the mainland and island shores of southern 
Finland (Plates 10 and U) are those which were formed by 
metamorphism and igneous activity ^ below the surface at 
the time when the region was undergoing active deformation. 
Some sections of orogoiic belts are submerged bdow sea levd. 
Betweoi Scandinavia and Britain, for example, the Caledonian 
on^^enic belt lies beneath the North Sea. The Hack Sea, 
which has only recently been formed by subsidence, hides the 
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submerged connecting links between the Caucasus and the 
Crimea and the Balkan Moimtains. It is therefore essential 
to discriminate carefully between die geographical concept 
of a mountain range or system and the geological concept of an 
anemic bdt : the one rders to the hdght and relief of the 
land ; the other to the structure of the rocks, whether the 
region be high, low, or submerged. A mountain system is 
the whole series of ranges belonging to an orogenic belt. The 
term cordillera is sometimes used for a broad assemblage of 
ranges — such as that of western North America — ^belonging to 
more than one system (see Figs. 201 and 219). \ 

We have already learned that mountainous orogenic Wts 
have deep sialic roots which go down to depths compaihble 
with the whole thickness of the crust. It follows that\^the 
compression responsible for the development of an orogenic 
belt disturbs all the rocks down to a very great depth. In all 
the greater crustal revolutions the previous structures of the 
rocks are entirely altered ; by foWng and thrusting in the 
upper levds, and by flowage and metamorphism below, cul- 
minating in fusion and igneous activity. Indeed, it is only in 
the orogenic belts that the complete cycle of rock transforma- 
tion (page 66) is achieved on a regional scale. Changes of 
chemical composition — as in the transformation of sediments 
to schists and migmatites, and even to granites — ^are brought 
about by hot migrating fluids. Magmas are generated in the 
ermt ; others ascend from greater depths ; and valuable 
deposits of metallic ores are locally introduced. Orogoiesis 
thus involves not only great lateral compression, but also die 
heating of the rocks and the soaking through them of chemi- 
cally active fluids. The tectonic, therm^ chemical, and 
magmatic changes that accompany the great crustal revolu- 
tiems are thus in striking contrast with the rdative passivity 
of the wide intervening r^ions wh«% the dominant movements 
are epaxt^eidc (p. 107). In these a&eas only slow fluctua- 
tions levd take place, accompanied by fracturmg and 
faulting. Folding, if it occurs at all, s local and on a Ihnited 
sode. 
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SOWNWARPINO AND SEDIMENTATION 


Geosynglines 

By the work of several generations of geologists it has been 
firmly established that the orogenic belts of each geological 
era originated in long downwarps of the crust in which extra- 
ordinarily thick deposits of segmentary rocks accumulated 
during the era (or eras) that preceded the orogenic revolution. 
The first important step towards understanding the natural 
history of folded mountains was tak^ nearly a century ago 

B 

After sedimentation 
up to sea level 

I 


-m)' 



Base of 
crust 


Base of crust 
depressed by 
displacement of 
(h-ioo/ of Sima (3-4) 


Fio. 197 

Diagram to inurtrate the isostatic response of the earth’s crust to sedimentatioii 


by the brothers W. B. and H. D. Rogers. From their study 
of the Appalachians these two geologists discovered that the 
folded sediments out which the ranges are built are shallow 
mUser mtrrinft types which locally reach a thickness of 40,000 
fert. In the unfidded regions of the Interior Lowlands to the 
west the s ediments rf corresponding age are only a tesNh or 

a twmtieth as thick. . , . u i 

The uxtumdafion of several miles of sandstones, snales, 
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aad limestcmes deaiiy implies that the original floor oS the bdt 
must have subsided by a like amount. The mountains were 
evidently preceded by the gradual development of a deep 
trough in which sedimentation more or less kq)t pace with 
die downwarping of the crust. Such elongated belts of long 
continued subsidence and sedimentation were called geosyrt- 
cUnes by Dana in 1873. 

The early pioneers thought that the wdght of the accumu- 
lating sediments was itself sufiicient to depress the crust, so that 
room was automatically provided for still more sediments. 
Any such effect, however, is strictly limited. Suppose the 
initial depth of sea water to be 100 feet (stage A in Fig.\l97) 
and that marine sediments of density 2-4 accumulated, land 
depressed the crust isostatically, until the region became com- 
pletely silted up (stage B). Let the maximum thickness of 
sediments so deposited be h feet. The crust is depressed by 
{h - 100) feet, and this must also be the thickness of the deep- 
seated sima, density 3*4, displaced at the base of the crust 
At stage B 

the weight of sediment added is proportional to 2*4 x A j 

the weight of water displaced is proportional to 1*0 X 100 
die weight of sima displaced is proportional to 3*4 X (A — 100). 

For isostasy to be maintained the weight lost must be equal 
to the weight gained. Thus, we have 

2-4 A=100-|-3-4 A-S40; whence A=240 feet 

For 40,000 feet of marine sediments to accumulate under such 
conditions, the initial depth of water would have had to be 
nearly 17j000 feet. Actually, however, the water was very 
shallow to begin with, as shown by the abundance of shore 
and deltaic deposits. It follows that the wdght of sediments 
does not depress the crust to any significant extent. It is the 
indqiendent downwarpmg of the crusL that makes loom &r 
the sediments to acciunulate. A geosyndine is ess<mtially a 
result of earth movements, the precurs^ of die vigorpis 
revdiutionary movements that fidlow at a later date- It may 
be notkted in passing that the average rate of sinking is ex* 
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tremdy dow. In the Appalachian example, 40,000 leet in 
800,000,000 years (Cambrian to early Permian) is only one 
foot in 7,500 years. However, this very slowness malces the 
cumulative effect seem even more remarkable. 

The continual supply of sediments implies that the land 
bordering at least one of the shores of a geosyncline must have 
been rising while the floor of the geosyncline was sinking. 
Near the shore, or wherever the curvature of the warped crust 
is greatest, fractures and faults may develop. Volcanic 
activity, evidenced by the occurrence of lavas and tuffi, inter- 
bedded with the sediments of many geosynclines, would be 
expected to take advantage of such fractures through the crust. 
In Britain vulcanism broke out on a large scale during the 
Ordovician period, while the Caledonian geosyncline was 
developing (Figs. 61 and 200). Volcanic rocks first appeared 
at Rhobell Fawr in Wales and on both sides of the l^dland 
Valley of Scotland (Fig. 180). Later, the activity spread 
towards the middle of the geosyncline and brought to the 
surface the lavas and tuifr which are responsible for the rugged 
scenery of Snowdonia in North Wales (Plate 64b), and of 
Borrowdale (Plate 37) in the Lake District. Such volcanic 
activity indicates that the rocks beneath the geosyncline were 
being heated up as well as depressed. 


Structures of Orooenic Belts and their Implications 

Some of the structures characteristically impressed by sub- 
sequent compression upon the vast thiclmesses of sediments 
(and of volcanic rocks, when present) have already been illus- 
trated. These structure include alternations of more or less 
open andclines and syndines (Plates 12 and 80) ; tightly 
compressed isoclinal folds (Fig. 26 and Plate 69a) ; recumbent 
folds (Fig. 27 and Plate 81) ; and thrusts and nappes (F^. 33). 
A folded range is a linear tectonic umt, stnught or 

arcuate, in wfaidt the axes of the folds are genaally pardld to 
the main of the range. The axial plmtes, recumbent 
folds, and thrusts are all (except for parts of an occasionai 
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antidinorium or syndinotium, Fig. 26) directed upwards and 
outwards from the intmor d£ the geosyndine towards one 
the unfolded crustal blocks which margined the geosyndine. 
The crustal block towards or over which the structures splay 
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Hypothetical section across the symmetrical orogenic belt of Iraq and ^ran, 
indicating the approach of the forelands and the outward thrusting of the i 
of the geosynclinal block (folding of the marginal ranges omitted) 


out is called tht foreland. Most geosynclines have two forelands, 
but where a geosyncline developed alongside a continental 
margin (as in the Dutch East Indies) the outer foreland is the 
ocean floor beyond the zone of depression. The resulting 
mountain system is thus characteristically bilateral, and con- 
sists of two unilateral bordering ranges (or series of rangers), 
each having its structures directed outwards, away from the 
axis of the geosyncline. Each bordering range, taken by itself, 
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Hypothetical section across the asymmetrical orogenic belt of the Himalayas and 
Tibet (f(dding of the marginal ranges omitted) 


is a unSateTal~raiige, in which all the structures splay out the 
same way^ that is, towards die neighbouring forriand. 

Him umty dE rtructure is partkulariy wi^ dii^layed by dm 
Alpine system oE ranges (Figs. .198 and 199). Tte AJi»ne* 
Hwwidayan system as a whole extends from each side of 
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GilnaltEr <m the west, to the Himalayas and the Tn«i{#ia 
on die east. It originated in a long, wide, and composite geo* 
syndine which developed between the northern fordand of 
Europe and Asia (Eurasia) and the southern foreland d'Afiica, 
Arabia, and India. To distinguish this immense seaway fiom 
the present Mediterranean it was called the Te^ys by Sue«. 
By subsequent compression two main sets of ranges originated : 
a northerly set, indudin^ the Pyrenees, the Alps, the Car- 
pathians, and the Caucasus ; and a southerly set, indiiHing the 
Atlas Mountains, the Apennines, the Dinaric Alps, the Tauric 
ranges, and the Himalayas. Where these bordering ranges 
lie far apart there may be a broad intervoiing region of sea, 
plain, or plateau. Examples of these are the Western Mediter- 
ranean, the Hungarian plain, and the high plateau of Tibet. 
Such intormontane, rdativdy unfolded regions are called 
median areas. Where there is no median area and the bordering 
ranges are dosdy compressed together, back to back, the 
bilateral structure may be roughly symmetrical, but it is 
generally conspicuously asymmetricd. The Western Alps, for 
example, are so highly asymmetrical as to be almost unilateral, 
all the thrusts and recumbent folds, except in the extreme 
south, being directed towards the European fordand (Fig. 204). 

The direction of overfolding and thrusting, and of the 
crustal compression responsible for the over-riding movements, 
is naturally described as it is seen at the surfoce ; that is to 
say, with reference to the underlying rocks, which me im- 
plidtly regarded as having remained stationary. Thus the 
overthrusts of the North-West Highlands (Fig. 33) or the nappes 
of the Western Alps (Fig. 204) are said to be directed towards 
the north-west as a result of pressure from the south-east. But 
this description is purdy r^tive. Exacdy the same effect 
would be attained if the fordand rocks had beoi underthrust 
towards fhe mogenic bdt. Now in bilatmal systons we 
observe that on each side the overthrusting and the correspond- 
ing pressure appear to have come fitnn within the system. 
Pressiure could not, howevor, have operated outwards in two 
diameUnidly imposed directions unless the deeper levds trf 
the geosyncUnal belt had been powetfoUy compressed frmn 
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outside, that is, by the inward movement of the two finelands. 
The crustal blocla of the forelands have, in fact, acted like the 
jaws of an irresistibly dosing vice, underthrusting the geosyn- 
cline, and so causing its sediments and floor to crumple up and 
splay out on both sides. The crustal shortening involved in the 
folding and thrusting can often be roughly estimated by imagin- 
ing the structures to be all straightened out ; it commonly 
amounts to many tens of miles. As the forelands move in- 
wards, the rocks in depth, already downwarped duiiiw the 
growth of the geosyncline, continue to budde downwards 
(Fig. 212) with consequent formation of a deep mountain 
root. Only the upper strata of the geosyncline itself tend to 
wrinkle upwards. The general uplift of the region into a\bdt 
of highlands follows later, as a result of isostasy (page 15).\ 


Orogenig Belts of Europe 

The general outlines of the tectonic framework of Europe 
are shown in Fig. 200. The oldest part of the continent is the 
Baltic Shidd. This broad region of geologically ancient 
crystalline rocks has remained a stable land area ever since 
pre-Cambrian times. It has fluctuated in levd from time to 
time, but on the whole the movements have been slow gentle 
uplifts which maintained the surface above sea levd, despite 
the ravages of denudation. Towards the east and south, 
however, the old rocks of the Shidd are covered by a veneer 
of flat-lyii^; sediments, deposited during the Palseozoic and 
later periods. This buried extension of the Shidd, known as the 
Russian Platform, evidently subsided a little at intervals and 
was flooded by shallow seas, just as part of the Shidd is flooded 
to^y by the Bsdtic. North of the Black Sea, and in a few 
other isolated spots where the sedimentary blanket has been 
ronoved, the ihidd rocks reappear at the surface. Ute north 
German plains and probaUy ^e Englidi Midlands lepres^t 
a westedy continuation of the Russian Hatfom, aldiough in 
tins sectimi Ute crust was less d:able, and certain bas^ 
sedtmentatkm that were deeper than iuua!>-4aduding nwst 
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Fig. 200 

T^tonic map of Europe. The Alpine orogenic belt is outlined by thick black 
lines with arrows indicating the outward thrusts and overfolding towards the 

forelands 

of the great coalfidds of Britain — ^have suffered a certain amoimt 
of folding. 

The stable triangle of the Shield and Platform is bordered 
on its three sides by clearly defined orogenic belts, towards 
each of which it acted as a rigid foreland. On the north-west 
the Caledonian belt extends through Scandinavia to Britain. 
Here the rocks of a Lower Palaeozoic geosyndine were intensdy 
folded, overthrust, and invaded by granites during late Silurian 
and early Devonian times. In Scandinavia the south-eastern 
front of die bdt is wdl preserved. Outward thrusting towards 
the Shield is consjncuom in many places and has involved 
movement of possibly as much as 80 miles. Within the bdt 
itsdf the rocks are contorted, mdamorphosed, and granidzed 
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•0 i&tens^ diat over large tracts tiie structures iKiffle analysis. 
Ute north-western front of the bdt is cut off by the Atlantic, 
excq>t in tiie N.W. Highlands of Scotland, where the dirusts 
illustrated in Fig. 33 splay out over another shield area, of 
whidi only a narrow strip now remains as land. This i^c 
of the north-west foreland probably represents the extreme 
limit of the great Canadian Shidld of North America and 
Greenland (Fig. 201). The south-easteni front of the Cale- 
donian belt is poorly defined in Britain'. Much of it is hMden 
by later sediments, and where the older rocks are exposed — 
as in Shropshire — the folding is open and broadly undula^g. 

While the Caledonian movements were in progress, (mer 
geosynclines began to develop and to fill up with sedimmt : 
(a) dong the site of the Urals ; and (() across Central and 
i^uthem Europe from the promontories of south-west Ireland 
to north of the S^ of Azov. These became transformed into 
orogenic belts during Carboniferous and early Permian times. 
This orogenesis and the structures and mountains that result^ 
are known by the name Hercyman (after the Harz Mountains). 
Most of the Uralian belt is continuously preserved, but ^e 
much wider Hercynian belt of the south has become broken 
into a series of isolated blocks or massifs. These include south- 
west Ireland, South Wales, and Cornwall and Devon ; Brittany 
and the Central Plateau of France ; the Ardennes, Vosges, and 
Black Forest (Plate 82 a) ; and the Harz and Bohemian Moun- 
tains. The depressed regions between are biuied beneath later 
sediments, but here and there {e.g. in south-east England) 
the Hercjmian foundation has been encountoed in borings 
and mining operations. There is no doubt that all the massifi 
referred to are relatively uplifted parts of a belt that is con- 
tinuous in depth. 

Tlie southern maigin, and locally the whole, <f the Hercy- 
nian belt has vanished firom sight for another reason. In 
Mesozcoc tima considraable stretches ef the Hoxynian tract 
became submeiged beneath the Tethys, so forming the gr^^ 
part of the floor cf the Alpine geosyncline. Other portions, 
st^ as the masifii of Mt. Blanc and the Aigufllea Bouges, 
rattafried as islands near die northern shores of the Tethys 
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(Plate 82s). Thete, together with parts of th* fikxw itsdf, 
were incorporated in the Alpine ranges which later fintnplM#*! 
the southern framework o£ Europe. 

In most places the northern Hercynian front lies well to 
the north of the northern Alpine front, but the fiar pathiana 
were thrust forward beyond the Hercynian front, so that here 
the Russian Platform became the foreland. In the 

structural rdations between the mountains and their foreland 
have been made dear by mining operations. The broad 
coalfield of Silesia — ^belonging to the fordand — was partly 
overridden by the advancing nappes of the Carpathian arc. 
Nevertheless, the buried half of the coalfield has been located 
beneath the nappes by borings sunk through them into the 
coal seams beneath. 

Just as the Alpine structures encroach on the older Her- 
cynian belt, so in the British Isles (see Fig. 268) the Hercynian 
structures in turn encroach on the still older Caledonian belt. 
From South Wales to the south-west, shores of Ireland the 
Lower Palaeozoic rocks with their typical Caledonian structures 
disappear beneath the folded and overthrust Devonian and 
Carboniferous sediments which represmt the northern Her- 
cyniam fr<mt. The two orogenic belts, gradually converging 
across Europe, ultimately meet, and the northern Hercyniam 
fix>nt b^ins to cross ^e south-eastern Caledonian firont. 
What is probably the completion of the crossing is found in 
the Appadau:hiain Mountaiins on the other side of the Atlamtic. 


The Appalachians 

These mountains (Fig. 201) appeau: to be a dosdy knit 
comidex of two systems which roughly correspond to the 
Cd^oniam and Hercyniam of Europe, though in each caue 
the maun orogenesis was slightly later in age. Originadly, the 
Appdachiams woe r^rded as the stamdaurd example of a 
unilateral, mountain system, with the steuctures all directed 
towardb the Canadian i^eld (a stable r^on of the same type 
the’ Baltic Shidd) amd its buried continuation beneaih the 
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Tectonic map of North America 


Interior Lowlands (a region corresponding to the Russian 
Hatform). This apparent simplidty, however, only reflects 
the flu^t that along the Atlantic seaboard the south-eastern 
side of the orogenic belt is everywhere concealed by the 
later sedimoits of the Coastal Plain (Fig. 202). The foreland 
on the south-east is not seen, because the Atlantic now occuines 
rile site wh^ we should naturally look for it. But that there 
certainly was such a foreland is firmly established by the ob- 
servation that the geosynclinal sediments become coarser as 
they axe braced towards the Atlantic and include deltaic 
deposits which spread out toi^ds riie north-westi Gleariy 
the isvexs riiat supplied these sediments must have drained a 






STRUCTURE OF THE APPAXACHIAMS 

land that lay to the south-east, a land that must have been 
undergoing denudation throughout the greater part of 
Palaeozoic time. 

In the north the overthrust Appalachian front begins in 
Newfoundland. Gontiniiing along the line of the St. Lawrence 
as far as Qjicbec, it then turns south towards New York. 
During the Devonian all this northern section was folded, 
overthrust, invaded by granite, and uplifted by an orogenesis 
that corresponds with the later phases of the Caledonian 
revolution. South-west of New York the Caledonian part of 
the chain is probably represented by the “ Older Appala- 
chians” (Fig. 202), where the old basement rocks, repre- 
senting the floor d the geosyncline, intensely deformed and 
penetrated by granite, were overthrust towards the north-west 
In this region only a few infolded and highly metamorphosed 
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Fio. 202 

Section across the composite orogenic belt of die southern Appalachians 


renmants of the geosynclinal sediments now remain. We see 
deep into the heart of the former mountains. 

Inland, however, between the Blue Ridge and the Appala- 
chian Plateau, the sediments are largely preserved in a broad 
series of deep folds. These are generally open, as shown in 
Fig. 202, but in places, e.g. the slate regions of West Virginia, 
the folding is isoclinal and is locally broken by thrusts, again 
indicating movement towards the north-west. Still farther 
inland, in the Plateau, the folding gradually flattens out. In 
these “ Newer Appalachians ” not only Lower Palseozoic 
sediments are found, but also a far thicko' sequence bdonging 
to the Upper Palaeozoic. The whole aasemblr^e was folded 
during the main Appalachian revolution, which began in the 
Garbonifi^us and reached its climax in the Pomian. The 
“ Newer Appalachians ” thm correspond with the latw phases 
of the Hercynian orogenesis. By measuring tl» folds it has 
OBS) 389 26 
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been estimated that the folded “ ridge and valley ” tract, now 
about 65 miles across, had an original width of about 100 
miles. The fordands thus approached by at least 36 miles. 
Many batholiths and stocks were empla^ in the heart of the 
growing range, particularly in the adjoining “ Older Appala- 
chians ” which must therefore have shared in the later oro- 
genesis. 

Farther north, in the New England States, relics of strongly 
folded Carboniferous rocks mark the continuation of the 
“ Newer ^palachians.” But here they lie on the inner side 
of the Gal^onian front of the Appalachian system, whereas 
in the south the folded bdt is on the outer side. The “ Newer ’* 
or Hercynian fiont appears on the coast near Boston, reaches 
the “ Older ” or Caledonian front behind New York, and then, 
as Bailey puts it, “ steps dear of its Caledonian predecessor.” 
The crossing of the Caledonian belt by the outer front of the 
Hercynian bdt, begun in Britain, is finally accomplished in 
America (Figs. 201 and 258). 


The Western Alps 

The folded structures of the Appalachians are simple and 
straightforward compared with the amazing complexity of the 
recumbent folds and far-driven nappes of many of the Alpine 
ranges. Since Escher’s discovery in 1841 of gigantic thrusts 
in the Swiss Alps, many brilliant geologists have devoted their 
prc^essional lives to the unravdling of structures which, for 
many years after they were first described, appeared to be 
quite incredible to those who had not actually traced than 
:^m peak to peaL By patient mapping, supplemented by 
imderground ob^rvations made possible by an incomparable 
soles d* tunnds, the intricate tectonic patton df the Swiss 
Alps is now known with a wealth of detail supoior to imything 
that has been achieved in the other great mountain systemi of 
the world. 

Geologically the Alps are di'rided into the Westm 
udiidb curve in a Inroad arc firom the Mediterranean to Lakes 
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Tectonic map of the Alps. Hercynian massifi are indicated by close dotting 
(A=Aar Massif; G=:St. Gotthard Massif; R= Aiguilles Rouges; B=Mt. Blanc) 


Constance and Como, and the Eastern Alps, which continue 
in a gentler curve towards the Danube (Fig. 203). Beyond 
Vienna the vast bow of the Carpathians begins, while on the 
southern side the ranges of northern Italy swing round into 
the Dinaric Alps. It is in the Western Alps, and particularly 
in Switzerland, diat the key to the general structure has been 
revealed. The essential feature, as portrayed in Fig. 204, is 
the occunrence of a series of gigantic recumbent folds and 
nappes, each trf which has bear driven forward for many 
miles towards the foreland, and in many cases far across it. 
The Alpine rivers have cut deeply into the nappes, thus 
espo^g the und^lying rocks in many a steep-walled valley. 
If the nappes were everywhere at the same level, only the 
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outer parts of the structure would be exposed to view in this 
way, and even the tunnels would add little m(H*e. But as the 
nappes are traced along the trend of the ranges from S.W. to 
N.£. they are found to undulate up and down in an alternating 



Fio. 205 

Longitudinal section showing the nappes of the High Calcareous Alps exposed 
in the tectonic depression between the culminations of the Aiguilles Rouges and 
the Aar Massif. The nappes advanced at right angles to the section in the 
dilution away from the observer 

to the surface and are themselves cut through by the valleys. 
Thus, although no single section across the mountains provides 
HKHe than part of the picture the whole complicated structure 
can be visualized by taking a series several sections in order 
acres the successive culminations and depressions. Finally, 
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Anticline in the Jura Mountains, Moutier Goi^e, Switzerland 


PLATE 81 












[F. N, Ashcroft 

Recumbent folds in the High Calcareous Alps. The Axenstrasse, near Fluelen, 
south end of Lake Lucerne, Switzerland 




SUBDIVISIONS or THE WESTEBN ALPS 

in the Eastern Alps, all the structures seen in the Western Alps 
disappear beneath a widespread cover of a still higher, series 
of nappes. Thus, because the evidence is largdy hiHrlinij the 
structure of the Eastern Alps is much less wdl known. Only 
here and there, as in the Engadine and the High Tauem 
(Fig. 203) has erosion removed the cover and so opened 
“windows” in the surrounding framework through which 
the underlying structures are locally seen. 

The chief subdivisions of the Western Alps as seen in plan, 
subdivisions representing successive zones which provide a 
first clue to the general structure, can be clearly detected fiom 
the air. Each has its distinctive topography, and each comes 
into view in turn from north-west to south-east during a flight 
from, say, the Jura Mountains to Milan. In order, these 
zones are as follows : 

1. Jura Mountains : an arcuate bundle of hills, like a 
crumpled-up tablecloth, pushed forward (while the Alps were 
advancing) across the gap between the Central Plateau of 
France on one side and the Vosges and Black Forest on the 
other, and thus standing well in front of the Alps proper. 
On the inner side the strata are mainly folded into bold, open 
anticlines, some of which form the actual hills (Plate 80), but 
the outer side is a tabldand broken by faults into an irregular 
mosaic of strips and blocks. 

2. The Swiss Plain : a broad lowland, filled with soft Tertiary 
sediments called molasses derived from the denudation of the 
rising Alps. Far to the south-eaist the edge of the High Cal- 
careous Alps appears in the distance like a great wall (Fig. 206). 
On each side of Lake Geneva a broad patch of foothills pro- 
trudes on to the plain. These are — 

3. The Pre~Alps ; extending between Lake Thun and the 
River Arve. They consist of an isolated pile of napj^, much 
folded and sliced by minor thrusts, which were dnvea over 
the molasse far firom their roots in Ae south-east. The strata 
include types which arc entirdy different from anything seen 
in the Jura or the IRgh Calcareous Alps. The Pre-Alps are 
thus completdy ft>re^ to the district wh«e they casw td 
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Fio. 206 


[P. Hausgf 


The Swiss Plain and the High Calcareous Alps viewed from the Jura Mountains 

near Solothum ! 


rest. Exactly where they came from remains the chief un- 
solved problem of Alpine tectonics. The uppermost of these 
far-travelled rock sheets may even represent the remnants of a 
series of nz^pes that formerly covered the Western Alps in 
continuation of the upper nappes of the Eastern Alps. It is 
possible that the later part of the forward journey of the Pre- 
Alps was accomplished by down-sliding — ^like a gigantic 
landslip. 

4. The High Calcareous Alps : a high range c£ rugged moim- 
tains whose structure is dominated by a series cS clean-cut 
overthrusts (Fig. 204). The zone includes the Bernese Obeiv 
land widi its mowfidds and glaciers and its many familiar 
peaks {e.g. the Jungfrau, 13,669 fr.). Each of the nappes 
is composed of sediments which were deposited along the 
imrthem maigin cf the geosyndine. Locally, many ^ the 
nappes are themselves intoosdy folded (Plate 81). 
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6. The Hercynum Massifs : an arcuate chain trf long isolated 
blocks consisting largely of crystalline rocks. These have 
been sheared by innumerable small thrusts, and except for the 
more massive granites they fall a ready prey to the splintering 
action of fiost (Plate 82b). The skylines are in consequence 
characteristically jagged, as in the appropriately named 
Aiguilles Rouges. The latter massif, together with the adjoin- 
ing massif of Mt. Blanc (16,732 ft.), emerges along the crest 
of a great culmination. To the north-east the Hercynian 
foundation disappears beneath the nappes of the High Cal- 
careous Alps, to emerge again in another culmination as the 
Aar and St. Gotthard massift (Figs. 203 and 205). Here the 
Rhine and the Rh6ne have thdr sources. The Rh6ne flows 
to the west-south-west through a long trough-like valley 
which, after leaving the Hercynian massifs, follows the botmd- 
ary between the High Calcareous Alps and the broad zone of 
the Pennine Alps. 

6. The Pennine Nappes : an involved series of six great nappes, 
all of which were squeezed out of the main geosyncline as 
gigantic recumbent folds. Each nappe has a core of older 
rocks, mainly gneisses, representing the floor of the geosyn- 
cline ; wrapped round by an envelope of lustrous schists and 
crystalline limestones, representing the sediments (and volcanic 
rocks) of the geosyncline. The Pennine Alps (from which our 
own modest Pennines take their name) is a lofly region of 
boldly carved mountains, rising above the snowfields into 
pyramidal peaks, of which the Matterhorn (14,705 ft.) is the 
most famous (Plate 50), although the less shapely Monte Rosa 
(16,215 ft.) is higher. To the east the Pennine nappes continue 
at a lower levd as the Lepontine Alps. Beyond the maigin 
of the Eastern Alps they remain unexposed except in the 
windows of the Lower Engadine and the High Tauem, whoe 
the two upper members of the series have been recognized. 
As numbered in Fig. 204 fix>m bottom to top, the Pennine 
nappes are as follows : 

I-III The Shmplon Nappes (comprising the three lower 
nappes), \diich were pressed against the upstand in g mass 
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of Mt. Blanc and the Aiguilles Rouges and thereby Iblded 
into such intricate convolutions that their structure was 
never made clear until they were penetrated by the Simplon 
tunnel. 

IV The Great St. Barnard Nappe, which rides over the 
Simplon nappes and also sends out a remarkable backward 
bulge in response to the pressure exerted by the Monte 
Rosa nappe. 

V The Monte Rosa Nappe, which, struggling to expand 

within a writhing complex of plastic rocks, all competing 
for space, found it easier to plunge into the back onthe 
St. B^ard Nappe than to ride over it. \ 

VI The Dent Blanche Nappe, which drove far forw^ 
over all the nappes in front, forming above them a wide- 
spread carapace, of which the greater part has since been 
removed by erosion. 

7. The Zone of Roots : a long narrow zone near the Italian 
frontier, where the Pennine nappes turn vertically down, and 
so appear to be rooted in the ground. Some idea of the 
titanic compression which was involved in the making of the 


PENNINE NAPPES - 

Simplon Great St Bernard Monte Kosa Dent Blanche 
High Cstareous Alps Nsppes Nsppe Nappe Nappe 



Fio. 207 

Reooostnicdon (in seedem from N.W. to S.E.) of a stage in the development 
of Ihe Tethys geosyncline and its northern shores, to illustrate the environments 
from iviiich the nappes of the Western Alps were driven 

Alps can be gahied by contrasting this 4ghtly squeezed belt 
with the great width of the geosyndine that is implied by the 
sedin^tary strata of the nappes (Fig. 207). While the great 
squeeze was in progress, culminating in Miocene times, the 
rocks must have been unusually plastic, and evid<mce that they 
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vtw lubricated by hot migrating fluids is fiunished by the 
prevalence of migmatites, with swirling structures due to 
flowage, in the deepest parts of the roots. Later on, great 
masses of granite were emplaced at various places along the 
zone of roots (Plate 83). 

8. To the south and west of our line of section the Pennine 
Alps drop steeply to the alluvial plain of Lombardy. On the 
east, however, the zone of roots gradually widens with the 
T proming of Still another series of structural elements. These 
represent the southern side amd foreland of the geosyncline, 
a md this time all the thrusts are directed towards the south. 
From the obsciuity of this highly metamorphosed complex the 
upper nappes of the Eastern Alps emerge, and ultimately turn 
over to the north, in similar fashion to the Dent Blanche Nappe. 
Farther south the backward thrusts maintain their direction 
and mark the beginning of the Italian ranges which pass round 
the head of the Adriatic into the Dinaric Alps. 

The probable relationships between the nappes of &e 
Western Alps and the geography of the obliterated geosyncline 
are indicated in Fig. 207. 


Orogenic Belts of the Alpine Revolution 

For convenience the term Alpine RevoluHon is adopted to 
cover the cumulative effect of aU the orogenic movements 
which have occurred at intervals since late Jurassic times. 
As indicated by the following examples (which are far from 
complete), the resulting orogenic belts are not all of the same 

^ Late Jurassic {Nevadan orogeny ) : Atlas, Caucasus, Sierra 

Nevada of California, Japan, New Zealand. 

Late Otetaceous {Laramide orogeny) : Pyrenees, Dmanc ^ps, 
Tauric Mountains, mountains of Malaya, Sumato, ^d New 
Zealand, Rocky Mountains, Greater Antilles, and Ai^es. 

Lower and Middle TerHaty {main Alpine orogeny) : Pyrenees, 
Alps, Carpathians, Himalayas, and Asiatic Idand festoons. 
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upper TerHary to Present Day (CascadUm orogeny) : Foothills 
of the Himalayas (Siwaliks), Banda arc of the Dutch East 
Indies, St. Elias and the other Pacific Coast ranges of North 
America, Greater Antilles, New Zealand. 

In most of these Alpine orogenic belts two or more phases ci 
movement can be lecognised, and in certain regions, particu- 
larly in the East and West Indies, orogenic movements seem 
still to be actively in progress. But takoi as a whole the re- 



Fm. 208 

Map showing the distribution of the Alpine and Gircum-Pacific orogenic belts 


pattern of striking simplicity. The usual way of expressing 
this pattern is to describe it as a great ring endrcling the 
Pacific, combined with a Mediterranean belt, which the 
chief part is the Aljfine-Himalayan system (Fig. 208). On the 
east the latter swings into the CSrcum-Pacific rii^ by way of 
the Dutch East Indies (the Burman or Banda arc. Fig. 211). 
Here three arcs come together in spiral ikdiion in &e ** Medi- 
terranean ” r^on between Australasia and the extreme south 
c£ Ana : {a) the New Zealand-New Guinea arc ; (&) the 
Pj^^pme-Bomeo arc ; and (c) the Banda arc. It is possible 
dnt the Kwen Lun and neighbouring ranges nordi of Tibet 
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continue across China to join the Circum-Pacific ring south- 
west of Japan (Fig. 222). At the other end of the Mediter- 
ranean bdt the Sierra Nevada of Spain and the Adas arc 
linked through Gibraltar by an inner connecting arc (Fig. 200), 
but the main ranges remain separate and arc cut off abrupdy 
by the Adantic. Across the Adantic two corresponding 
mountain systems appear on each side of the Caribbean Sea 
(the American Mediterranean) ; a northern one which can be 
traced firom the Cordillera of North and Central America 
through the Greater Antilles as far as the Virgin Islands, and 
a southern one, which swings round from the Andes through 
Venezuela to Trinidad. The two systems, though originally 
separate, are now being linked by an actively growing arc 
surrounding the volcanic arc of the Lesser Antibes (Fig. 213). 
Here the Circum-Pacific ring is being completed by a vast 
loop which encroaches on the Adantic. A similar, though 
much older loop, connects the Andes of Patagonia with the 
Antarctic Andes of Grahamland. It should be noticed that 
the Costa Rica-Panama land bridge is of volcanic origin and 
may possibly not belong to the Circum-Pacific orogenic ring. 

Another way of expressing the pattern is to describe it in 
terms of two gigantic rings (Figs. 209 and 210), one surrounding 
the northern continents of North America and Eurasia (known 
collectively as Laurasia), the other surrounding the southern 
land masses of South America, Afiica, Arabia, India, Australia, 
and Antarctica (known collectively as Gondwanaland). The 
first of these rings includes the northern ranges of the Medi- 
terranean belts and the northern half of the Circum-Pacific 
ring, while the second includes the southern ranges of the 
Mediterranean bdts and the southern half of the Circum- 
Pacific rii^. 

Now, as we have seen, the Tethys was a great “ Medi- 
tiirranean ” geosyncline which developed between Laurasia 
and Gondwanaland. Figs. 209 and 210 show that each of the 
land masses referred to above is rimmed by an orogenic bdt 
wherever it is bmriered by the Pacific or by the former site 
of the Tethys. In plan Laurasia, Gondwanaland, and the 
Padfic floor all appear to have moved radially outwards, 

399 



EARTH MOVEBIENTS I M0X7NTAIN BUILDING 



Fig. 209 

Map showing the interrupted orogenic ring peripheral to the continental masses 
(unshaded) of Laurasia. The adjoining blocks d Gondwanaland are dotted. 
The probable continental movements directed outwards towards the Pacific and 
the Tethys are indicated by arrows 

thus buckling the crust at their maigins and forming orogenic 
belts along these highly compressed peripheral zones. The 
Tethys itself was obliterated by the approach of Laurasia and 
Gondwanaland and transformed into the Mediterranean belts. 

Within the peripheral ring of Laurasia lie the disruptive 
basins of the North Atlantic and Arctic oceans, the coasts of 
which are essentially due to fracture and faulting. Similarly, 
within the peripheral ring of Gondwanaland lie the South 
Atlantic and Indian oceans. Here again the coasts are 
esentially due to fracture and faulting, except in the case of 
the Burman arc, where the continuation of the Tethys lay 
along Mdiat is n^ the north>east margin of the Indian ocean. 
Suess was the &st to recognise that the 'coastal structures of 
thjc world were of two contrasted types, which he distinguisfaed 
as and Pac^. The coasts ci Atlantic type are deter- 

nuned by fractures and subsidences winch charax^erutically 
cat sfxfsss the “ grain ” of the hmds {rf. Fig. 166), though 
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(B) Frost-splintered peaks of the Mt. Blanc Massif, with the 
and a large glacial erratic in front 


HERCYNIAN MASSIFS 



The Val Bondasco and the granite peaks of the Bergello Massif (Tertiary). Village of Soglio in the 



COASTS OF PACIFIC TYPE 



Fig. 210 

Map showing the interrupted erogenic ring peripheral to the continental masses 
(dotted) of Gondwanaland. The probable continental movements directed out* 
wards towards the Pacific and the Tethys are indicated by arrows 

locally they may happen to be roughly parallel to one of the 
older orogenic belts (as in Norway). The coasts of Pacific 
type are determined by folding and are, in their general out- 
lines, parallel to the “ grain ” of the lands {cf. Fig. 166), being 
fringed by bordering moimtain chains, including island 
festoons like those of Asia. 


The Orogenic Cycle 

In every continent there are mountain systems and older 
orogenic belts of widely dilferent ages. Each of the Pre- 
Gambrian shields represents a coalescence of successive orogenic 
belts firom which the mountainous superstructure has long ago 
been removed by denudation. In the Baltic shield there are 
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four such bdts, and mx are known in the Ckuoadian shiekL 
l^e continents have dev^ped by succesnve orogenic additions 
to their shields, as illustrated in Figs. 200 and 201. 

Detailed study of meuiy of the orogenic belts has shown 
that, although no two are exactly alike, all can be regarded as 
variations on a conunon theme, The theme itself, or in other 
words, the usual sequence of events involv^ in the evolution 
of an orogenic belt, is called the mgem cycle. In general terms 
it may be summaiised as follows : j 

(a) Development of a geosyndine with heavy sedimenta* 

ticm and occasional volcanic activity. \ 

(b) Compression of the belt by a first orogenic ph^, 
volving root formation in depth, folding and overthrusting of 
the superstructure, and uplift of the compressed zone in re- 
sponse to the buoyant (isostatic) efiect of the root. 

(c) Lateral growth of the geosyncline by development of 
a new subsiding tract outside the rising mountains (Fig. 199). 
As the latter are carved into peaks and valleys by denudation, 
they provide much of the sediment which fills up foe depression. 

(d) Renewed orogenic compression of foe whole bdt. 
Stages (c) and (d) may occur twice or even three times (rarely 
more) in foe more complex belts. 

(e) During foe more vigorous orogenic phases, and par- 
ticularly during foe climax of foe revolution, foe deeper rocks 
are intensely metamorphosed, and migmatites are formed by 
hot migrating fluids. Later, granite bafooliths are emplaced, 
followed in some cases by foe introduction of valuable ore de- 
posits. These are gradually uncovered by denudation if the 
cumulative uplift of the completed orogenic bdt is suffidently 
long maintained. 

It sometimes ha|q>en8, however, that a mountain system 
is reduced to a lowland or even submerged’before much of foe 
superstructure has been denuded (Plate 21a). In such cases 
foe buoyant action of foe roots must soon have c^tsed to 
fimction. In other words, foe roots foemsdves must haire dis- 
ajqieared, {mfoaUy by becoming so plastic that, unable to 
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support the ovarfaead pressure, they flowed out laterally. In 
response to subterranean changes of this kind the later’ be- 
haviour of an otogenic belt is generally dominated by epeiro- 
genic movements, often accompanied by volcanic activity. 
These topics are dealt with in succeeding chapters. 


Present-day Orogenesis 

As already mentioned, the evolution of certain stretches of 
the otogenic belts belonging to the Alpine revolution is still 
actively in progress. Fig. 200 makes it dear that, unlike the 
Western Mediterranean, which is a sunken median area, the 
Eastern Mediterranean, the Adnatic, and the plain of Lom- 
bardy are depressed regions lying along the “ Aftican ” fiont 
of the Alpine system. South of the Atlas this mai^inal de- 
pression continues on the land, where it is marked by the 
shotts of Tunisia and Algeria. Towards the east a simil^ 
zone of depression can be traced through the alluvial plain 
of Mesopotamia, the Persian Gulf, and the Gulf of Oman. 
Still fartho: east, in front of the Himalayas, the depression 
reappears in the alluvial plains of the Indus and Ganges. This 
long zone of subsidence and sedimentation is probably the best 
fyamplft (rf a marginal geosyncline now in coimse of develop- 
ment. It iUustrates the latest repetition of stage (r) in the 
orogenic cyde. 

In the Dutch East Indies the ciOntimmtion of this geosyn- 
dine ran be traced for over 4,000 miles in firont of the Banda 
arc (Fig. 211). But here the active bdt is very narrow, and 
stage (d) —the stage <rf orogenic compression — ^has already bcMi 
reached. The tnmd line rf this long strip is indicated by m 
arcuate submarine ridge from which rows of rising Mands 
emmge above sea Icvd at intervals. Proof of recoit and con- 
tinuing movements is ftunished by the occurrence on ^ e 
lalanda of terraces of upraised coral reefe at hdghts rar^mg 
from sea tevd to as much as 4,000 feet in Timor j by transverse 
fractures and tear fruits, pointing to horizontal movemOTts, 
prot^bly symptoms^c of the advance of nappes or recumbent 
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Fxo. 211 

Tectonic map of the Banda Arc and its links with the Philippine and New Guinea 
arcs* The belt of n^ative anomalies of gravity discovered by Vening Meinesz 
is shown (as far as it has been mapped) by a shading of fine dots* Active 
volcanoes are indicated by black or white crosses 

I 

folds ; and by the extreme liability of the strip to frequent and 
powerful earthquakes, some of which originate at very great 
depths. 

To all this Vening Meinesz has added a discovery of 
fundamental significance, made in the course of an e3q>edition 
( 1926 ) carried out in a submarine lent by the Netherlands Navy 
for the purpose of making gravity measurements over the sea 
floors the East Indies. Meinesz found that the long strip 
under discussion is characterised throughout its length, but 
to a wi(frh of only 60 or 70 miles, by surprisin^y great defi- 
ciencies of gravity (Fig. 211). band what are called 
** negative anmnalies of gravity ** implies drat there is a cor- 
reQxmding"d^ciaicy of density in l|ie materials of the crust 
beneath. Only one geological explanation such a deficiency 
jk oemristent with the observed facts : the li^tor laym of the 
cnM must have budded into a great downward fold mr root. 

212 illuatiates the inferred structure. Obvioudy a cru^ 
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Fio. 212 

Grustal section through Java and the adjoining door of the Indian Ocean to 
show the relation between topography^ gravity anomalies (broken line with 
actual determinations indicated by heavy dots)^ and the infen^ down-buckling 
of the crust* The white arrows in the lower part of the crust suggest the 
directions of crustal movements thought to be initiated and maintained by 
convection currents in the underlying substratum (^, Fig. 216) 


strip of this kind is far from being in isostatic equilibrium. 
If it were free to do so, it would be buoyed up into a high 
moimtain range and, indeed, as the islands bear witness, a long 
smes of upheavals has already occurred. The islands are the 
first visible symptoms of an embryonic mountain chain. But 
the uplift would be far more spectacular and continuous than 
it actually is, if there were not, even now, some intensely 
powerful compressive and downsucking process at work, 
restraining the taadency of the strip to rise into a porition of 
equilibrium. All the evidence points to the same conclusion ; 
the processes responsible for orogenesis are here still in operas 
tion. 

A gravity survey of the Caribbean region (1928-1937) 
carried out by and a ^t>up of American coUaboratcns 

in submarmes lent by the U.S. Navy, has disclosed the odstwice 
a voy af tnilar band of negative anomalies, ext^ding ficom 
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Tectonic map of die acea around the Caribbean Sea, diowtng the peripheral belt 
negative anomalies of gravity (dotted). Volcanoes are indicated by white 

stars and dots 


north of Haiti, round the volcanic arc of the Lesser Antilles, to 
Trinidad and South America (Fig. 213). Had the war not 
interrupted this new method of exploring the depths, miny 
other promising belts, such as the Asiatic island festoons, the 
New Zealand-New Guinea arc, and the loop of the Southern 
Antilles between South America and Antarctica, might by now 
have been investigated in this way. 


The Cause of Mountain Buildino 

Many attempts have been made to “ account for ” the 
ronm-kable phraomena involved in mountain building, that 
is, to find some mechanism in the earth competoat (a) to pro- 
vide forces o£ sufficient magnitude to compress, buckle, and 
thicken the crust ; and {b) to explaiiLthe sequence of events 
in each erogenic cycl^ the succesmon of orogoiic cycles during 
geological time, and tte distribution of the otogenic belts over 
filiefocet^ dm earth. This is a taB(»tier, ‘and discussion of the 
BBMrtter has not yet passed the speculative and controversial 






THE THESMAI. CONTRACTION HYPOTmm 

Stage. In a body like the earth gravity tends to watfitain 
equilibrium and stability. The only known agency cqiaUe 
of disturbing this equilibrium to any important extent b h>a» , 
Increase o£ temperature leads to expansion and fimon, and 
decrease to consolidation and contraction. We therefore look 
to thermal changes within the earth as the most promising line 
of attack. 

We feel reasonably sure that the earth was originally molten, 
and it is therefore generally believed that the earth has attained 
its present thermal state, at least on balance, by cooling. This 
idea provides the basis of the time-honoured coniracHoti h^po- 
tiiesis. Once a relatively cold crust was formed, the cooling 
interior tends to shrink away from it. Obliged by gravity to 
settle down on the shrinking substratum, and so to fit into a 
smaller area than before, the crust is inevitably thrown into a 
state of compression, to which it responds by folding and 
thrusting. In a similar way the skin of an apple is thrown into 
wrinkles as the apple dries, and shrinks by loss of moisture. 

The contraction hypothesis satisfies condition (a) qualita- 
tivdy if not quantitatively, but is much less satisfactory in 
rdation to (i). Some of the objections are as follows : 

1. One would expect the crustal wrinkles produced by 
uniformly distributed compression to be — ^in pattern — ^rather 
like those of a drying apple, instead of being strongly localised, 
as the actual orogenic belts are. Experiments made to imitate 
the process as closely as possible confirm this expectation 
(Fig. 214) and also show that nothing resembling the pre- 
liminary geosyndines is reproduced. 

2. The cooling of the earth must have been relatively rapid 
in its early history and have slowed down ever since. Thus 
the time intervals between the climax of each orogenic cycle 
apd the next should have become steadily longer. But Ae 
actual intervals, Aough all of Ae same order, suggest a speeding 
up rather Aan a slowing down (^. p^ 109). The Alpine 
Revdiution all Ae associated volcanic activity indicate Aat 
during Ac latest cycle Ac earA has been far more vigorous 
tiian at any earlier time for at least 1,000 millkm years. 
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3* lit h highly improbable that the earth can have 
coded suSdently during the last 200 million years to 
(hraish more than a small proportion of the contraction 
necessary to match the crusid shortening involved in the 
Alpine Revolution. 

At least in the early stages of the earth’s history cooling 
would be brought about by convection in the substratum. In 
this process (see Fig. 6) currents of relatively hot and light 
material ascend in certain places, so carrying heat up t|:) the 


Fio. 214 

Network of anticlinal ri^ 
produced in a layer of 
collodion on a stretdied 
circular sheet df rubber 
allowed to contract in its 
own plane. {See A. J, Bull, 
“ The Pattern of a Cbntraeiing 
Earth, Geological Magar^, 
1932, p. 73) 


iA. J. Butt 

base of the crust, through which some of it escapes by con> 
duction. Towards the tc^, the currents spread out in all direo 
tk>ns from each centre, until they encounter similar currents 
from neighbouring centres and turn downwards. The de- 
scending currents consist somewhat cooled and slightly 
heavier material. The driving force arises from the (frfference 
in density b^em the centr^ and mati g inal ediumns. This 
]beq 4 (d* dioulatkm contmues until the temperature frdls nearly 
tn tlw freezing point c£ the material ccmcemed. 

Befrne the discovery of radioactivity it was thoi^ht ths^ 
thn stage of omtwetive (xmlii^ would not last voy loi^> but 
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there is now good reason to bdieve that it may not even yet 
have ceased. The only essential condition for the TYmin«»nan.»«. 
of convection in the substratum is that there should be a «tnan 
supply heat available, to make good the heat lost throu^ 
the crust by conduction and igneous activity. That the earth 
actually has such a source of internal heat became evident in 
1906, when Lord JRnylagh discovered the presence of small 
amounts of the radioactive elements in a great variety of rocks. 
The radioactive elements give out heat as they distint^rate 
(see page 103), whence it follows that heat is continuously being 
generated within the rocks that contain them. Of the many 
hundreds of samples that have been tested from all parts of 
the world not one has been found to be free from these heat- 
generating dements. The whole of the heat lost from the 
earth could be supplied by one ounce of radium in every 
1,000 million tons of the material of the earth. The rocks 
themsdves contain, on an average, fifty times as much. This 
startling result indicates that the radioactive dements must be 
largdy concentrated in the crust — otherwise the earth would 
be much hotter than it is, and we should not be here to discuss 
the matter — ^but it provides no reason for supposing that the 
material of the substratum can be absolutdy devoid of these 
dements. Even minute traces would suffice to keep convection 
going. Moreover, there is the additional possibility that the 
base of the substratum may recdve a supply of heat from the 
underlying liquid core. Thus we are free to explore the possi- 
bilities that arise fix)m the hypoUiesis of sub-crustal convection 
currents. 

Where currents are flowing horizontally along the under- 
surface of the crust, they exert a powerful drs^ on ffie latter, 
throwing it into tension where they diverge and into coin- 
pression where they converge. Thus we should expect orogenic 
bdts to be formed where two approaching currents turn down. 
*£1118 wier.haniatiq is particularly wdl adapted to account for 
root devdopment and for the localised folding and thrusting 
of tilie ovorlying sedimentary layers. Figs. 209 and 210 strongly 
suggest curmrts arose beneath Laurasia and Gondwana- 
land spread out towards their margins, where they en« 
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countered similar curroits belonging to a vast Pacific system. 
The evidence that roots are stiQ bdng hdd down in the £a^ 
and West Indies indicates that locally, at least, the currents 
may stiU be active. 

The convective mechanism ib not a steady process, but a 
periodic one which waxes and wanes and then begins ^;ain 
widi a different arrangement of centres. After a particular 
distributi<m of centres has been estaUished, the rate o£ flow 
for a very long period must be extremely slow (Fig. > 216 ). 
As hotter and lighter material firom the base rises to b^me 
the ascoiding columns, and cooler and heavier material fix>m 
the top turns downwards into the descending columna the 
driving force of the currents — ^and therefore thdr vdbcity 
— ^is increased. For a comparatively short period the curWts 
move relatively quickly. Towards the end of this stage the 
hotter material b^ns to spread out at the top, while the cooler 
material begins to flow along the bottom. This slows down 
the currents ; and as hot material moves into the sinking 
colunms and cool material into the rising columns, the currents 
finally come to rest. Thereafter, a new arrangement of currents 
begins to develop. ^ 

The crustal effects brought about by the three stages of the 
ideal convection cycle just described correspond cl(»ely with 
the three stages of the simplest type of orogenic cycle : 

Convection Cycle Orogenic Cycle 

Stage 1 A long period of slowly A long period oi geosyndinal subsidence 
accelerati^ currents over the site of the descending currents 

Stage 2 A short period of relatively A short period of root formadon and 
rapid curmits orogenic compression* Downdrag pre- 

vents the root from rising into isostatic 
equilibrium 

Stages A period of waning currents, A period of graduri iq>lifr and xestoratioD 
bringing the cycle to an end d isostatic equilibrium 

In carder to study the effects on th& crustal layos of con* 
vection currents in the substratum Giig^ has made a very 
effective series o£ espetiments with smalikcale moddh, using 
ataterials with profMuries rdated to the me ci tike modd 
exactly as the ptopttdei o£ the eaiih*s materials are rdated 
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Sectim tiitoue^ Ac earth to illustrate the possible conelation between the 
■uceeittve Mages of aa tMcogenk cycle and those of a hypothetical convection 

cutreeft cyde 
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to the size of the earth. In oac modd, designed so that an 
earth process requiring one million years could be reproduced 
in one minute, ^e crust was made of a mixture c£ sand and 
heavy oil, while the substratum consisted of very viscous water- 
g^ass. To generate the currents rotating drums were used 
(Fig. 216 ). When the drums are slowly rotated the crust is 
gently downwarped by the descending currents (stage 1). As 
the rotation is speeded up, outward directed thrusts devdop 
near the surface, while the greater part of the crust is drjagged 
inwards and downwards to form a root, which is kept down by 
the sinking currents (stage 2). As rotation is slowed do\\^ and 



Fio. 216 

Diagram of Grigg’s dynamic model to simulate the action of subcrustal 
convection currents and the response of the crust. The stage illustrated shows 
the development d a crustal downfold (root or tectogene) with outward thrust- 
ing near the surface {cf. Fig. 197) in response to the currents set up by the 
rotation df the drums. The substratum in the model is very viscous waterglass, 
and the continental crust is a mixture of heavy oil and sand 
(Erm D. Griggs ; Amakm Jowmd qf Scmce, vol. 237, 1939, p. 642) 

stoj^ied, the root exerts its buoyant effect, and the surface is 
uplifted well above the original level. 

Thus in convection currents we haxe found a mechanism 
that dosdy matches the requirements. Actual currents in 
subsfaatum must, of course, be &r more complicated than 
fftose df ^ ideal cyde which alone has been considered here 
<-> 4 ^ so are the orc^enic phoiomena we seek to understand. 
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In particular, eddies and swirls are to be ocpected, and one 
has only to glance at a map of the islands around the Banda 
Sea (Fig. 211) to realise that thdr distribution may well be the 
surface reflection of sub-crustal spiral-iike movements. 
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Chapter XIX 


EARTH MOVEMENTS : PLATEAUS AND RIFT 
VALLEYS 

Surface Expressions of Epeirooenic Movements 

We have now to consider the crustal structures, and the r^ult- 
ing modifications of surface relief, brought about by movements 
of uplift and subsidence. The framework and “ grain ” of the 
continental crust are determined by the orogenic belts, \but 
superimposed on this primary firamework there are later 
epeirogenic effects due to warping, firacturing, and faulting of 
the crust. Here the movements are essentially up and down. 
The crust behaves somewhat like a flagged or badly cracked 
pavement on a shifting foundation. Widespread swells and 
sags— «.g. plateaus and basins— are produced by differential 
warping on a regional scale, characteristically accompanied by 
marginal and internal faulting ; and ridges and troughs — if.g. 
block mountains and rift valleys — ^are produced by differential 
movements of the fault-margined blocks and strips into 
which the dislocated crust is shattered. The net effect of 
all these epeirogenic and related movements in recent geo- 
logical time has been, despite local sinkings and inbreaks, 
to devate the greater part of the continental surface well 
above sea level. 

Plateaus are broad uplands of considerable devatioiL 
Tibet and the Colorado and East Afiican plateaus are out- 
standing examples. Basins are rdadvdy depressed regions df 
roughly equidhnensional outline. The term is us^ very 
widdy and is applied to all broad sags of the crust, whatever 
the nuface lev^ may be ; fixrm sea iiasins, like the Black 
Sea or the Gdebes Sea, to mountain-rirruned plateaus which 
are often, like the Great Basin d* Nevada characterized by 
haemal drainai^ Ideally, the drainage from a- jd^au 
wohM be ootwa^s and fhat of a badn mwards | but as many 

4*4 



BLOCK FAULTING 


plateaus have locally dimpled or down-brokoi sui&ces and 
many basins have drainage exits through marginal depressions 
in the rims, this simple criterion is far fiom bong of gmeral 
application. The term “ basin ” is also given to andoit crustal 
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Fig. 217 

Diagrammatic section (with minor modifications due to denudation and deposi- 
tion omitted) to show the faulted structure of the Kharas Mountains, south-west 
of the Kalahari Desert, South-West Africa. Length of section about 60 miles. 
(After C, M, SchweUrm) 


sags which have been filled with sediments and in some cases, 
as in Africa, subsequently uplifted into plateaus (Fig. 223). 

Regions which have been divided by faulting into relatively 
elevated or depressed blocks are said to be block faulted. The 
upstanding fault blocks, which may be small plateaus or long 
ridge-like block mountains, are called horsts (Fig. 217). The 
Hercynian massifi of Europe, such as the Vosges and the 


W Veigu 


Black 

Forest 


R, Rhine 


Fjo. 218 

Strt i«n acKM the Rhine Rift VaDey, north of Mfllhauscn, diow^ the rtructure 

rf the rift valley »tmt* as detennined by numerous borings. Miocene sedments 

here and there bdow the alluvium, but most rf the be* reptese^ m 

ofOligoccne age, resting onjurassic, as shown. Length of section about 80 miks 

Black Forest (Fig. 218) and the Harz Mountains, are horste. 
Blocks which have been tilted, like many of the Grwt Ba^ 
ranges (Fig. 221), are sometimes distinguished as t^ blocks. 
Ihe NMtih Famine r^<m, as shown in Fig. 39, is an up- 
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tilted block sloping gently down towards the North Sea. Fault 
blocks dq>re8sed below their surroundings form minor basins 
or fault troughs. A long fault trough, forming a tectonic valley 
bordered by parallel fault scarfs, is known as & rift oaU^. 
Between the hoists of the Vosges and the Black Forest the 
Rhine flows through a lift valley (the Rheingrabm — ^Fig. 218). 
The river occupies the valley, but did not excavate it. The 
most renowned system of rift valleys, however, is that which 
traverses the East Afiican plateaus ^m the Zambesi to the 
Red Sea and beyond (Figs. 223 and 226-28). I 

In the course of time the surface relief which results ^m 
epeirogenic movements becomes greatly modified by denuda- 
tion and deposition, and locally by volcanic activity., Nwer- 
theless, as illustrated by the examples already mentioned,yhe 
face of the earth of to-day is diversified by many new or 
boldly preserved topographic features which are primarily 
due to vertical movements. The reason for this is that such 
movements have been unusually active during Tertiary and 
late geological time, right down to the present day. Deep 
gorges are being cut by rivers in high plateaus ; faidt sca^ 
are being gradually worn back by the sculpturing hand ‘ of 
erosion; block moxmtains are being carved into hills and 
valleys, and sediments are accumulating in basins and troughs ; 
but long ages must elapse before the broad outlines of the 
topography of these r^ons cease to reflect the latest epeiro- 
genic dislocations of the crust. 

The irregular surface of a fractiured pavement is due mainly 
to the varying subsidence of difierent parts a poorly laid 
ftmndation. Influenced by the idea of a contracting earth, 
Suess considered the vertical movemoits of the crust to be 
also essentially downvmris, “ sunken ” and “ uplifted ” 
regions bring simfdy those ^diich had subsided to a greater 
or less extent than their surroundings. Horsts, according to 
Suess, are merely blods left briiind in the general down- 
settling of the crust on the shrinking intnior. This conception 
rip the underlying mechanism is no Itmger^accq^ble. There 
k no ^yostificaticni fbr mridng any assinnpliott as to- whether 
the up-and-down movemmts carry the suifttce of the r^;«m 
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afected away from the centre of the globe or towaitls it. 
Some standard of reference there must be, however, and for 
^eral purposes sea level is the most appropriate one, whenever 
it can be appealed to. In dealing with movement along a 
fault plane such reference may not be possible. The block 
on one side is said to be downthrown or upthrown relative to 
the other. Here, each of the adjoining blocks serves as the 
standard of reference for the other. In the same way a basin 
or rift valley is naturally described as a region of depression 
relative to an adjoining plateau or range. The floors of some 
basins and rift valleys have indeed subsided below sea level 
(Fig. 226), while in other cases the “ depressed ” tract may 
have been actually uplifted, but less so than its surroundings. 


Fluctuations of Sea Level 

Although sea level is the nearest approach we have to an 
absolute standard of reference, it must not be overlooked that 
the level of the sea itself fluctuates from time to time. If the 
frozen water now locked up in the Greenland ice sheet, and 
in the far greater one of Antarctica, were to be melted in 
consequence of a change of climate, the volume of the 
oceans would be increased amd the sea level (allowing for 
isostatic reactions) would rise by about 100 feet. All the 
lowlands of the world would be inundated up to this height, 
and to envisage the resultant consequences to humanity 
baffles the imagination. 

Yet mankind has already lived through evoi greater 
changes. During the Pleistocene ice ages, when vast ice sheets 
covered immense areas of Europe and North America, the 
level of the sea was about 300 feet lower than it is now (again 
aliiowing for isostatic reactions). Broad stretches of land then 
extended beyond die present shores of all the maritime countries 
which lay outside the blanketing ice fields. The bottom of the 
Persian Gul^ for example, must then have been a fertile plain, 
floored with alluvium from the united waters of the Tigris and 
Euphrates. This vanished land was, in all probability, the 
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home the ancestors of the Sumerian people who immigrated 
into Chaldea thousanc^ of years ago. We can easily under- 
stand why the migration was inevitable. As the last of the 
former ice sheets began to melt away the sea gradually rose and 
occupied the Gulf, driving the dispossessed population mto the 
higher ground of Mesopotamia, where the remains of their 
settlements, long buried by river silt and wind-blown sand, have 
been disinterred by arclueologists. 

World-wide changes of sea level, whether due to the growth 
and decay of ice sheets, to displacement of water by acaumu- 
lating sediments, or to other causes, are described as autatic 
changes. In general these are always more or less involved 
with slow crustal movements due to isostatic readjustments. 
The removal of an ice sheet, for example, reduces the mass 
of the crustal column beneath the glaciated area, and in re- 
sponse the region is slowly heaved up until isostatic equilibrium 
is restored. At the same time, but still more slowly, the ocean 
floor, now loaded with the weight of the restored water, 
responds by sinking a little. Moreover, in certain places 
independent earth movements may be simultaneously affecting 
the level of the crust. For these reasons the recent chanjs^es 
of level indicated by land emergence — e.g. raised beaches — or 
land submergence — e.g. submerged forests — can only in part 
be referred to eustatic changes. The actual displacement at 
any particular locality is the algebraic sum of the changes oi 
level due (a) to the recent eustatic changes of sea level ; 
{b) to the degree of isostadc readjustment so far accomplished 
at that place ; and quite conunonly (r) to indq)endent earth 
movements which in some places are still going on. 

When the relative movement between land and sea is a 
fisw hundred feet or less, it is often difficult or even impossible 
to disoitangle the separate effects of these three fa<^rs. In 
dealing with the major effects epeirogenic movements, 
however, this difficulty does not arise, fmr it commonly happens 
riiat the changes of level involved are measurable in many 
fliousaads of feet. Moreover, wherever faulting or tilting has 
tdcen place it is clear that earth movements have operated, 
siiice eustatic changes of level are evoywhere uniform. 

418 



BISE AND FALL OF MOUNTAIN RANGES 


Dislocations of Orogenic Belts 

As we have already seen, the compression of an orogenic 
belt is normally followed by uplift. This first upheaval of 
the mountains can be reasonably interpreted as a direct effect 
of isostatic readjustment, due to the buoyancy of the root. 
But the root is sometimes quite short-lived. If its heated 
material softens and spreads out, the mountains subside again 
over the weak and unstable foundations. Thereafter, the 
history of the folded tracts and the adjoining areas is one of 
continued epeirogenic movements of such variety and com- 
plexity that no adequate explanation is yet forthcoming. In a 
gener^ way subsequent uplifts can perhaps be referred to 
thickening by compression of the weaker parts of the softened 
foundations, accompanied by widespread uparching and 
cracking of the overlying layers of the crust. But deep sub- 
sidences also occur, and these present a problem for which no 
satisfactory solution has yet been offered. 

The Rockies and the Andes are examples of ranges that 
illustrate some of these remarkable vicissitudes. They reached 
their present elevations by comparatively recent uplifts which 
took place only after the first mountains had already been 
reduced to low-lying plains. In the high elongated plateaus 
of the Andes the uplifted plain, now surmounted by great 
volcanoes, can easily be recognized. Moreover, it is clear that 
parts of the plain must have been submerged below sea level 
before the uplift took place, for unfolded Pliocene marine beds 
are still preserved at heights up to 6,000 feet. 

Turning to Europe (Fig. 200) it is apparent that the 
Hercynian bdt has b^ severely faulted and broken up into 
bolated upstanding blocks with intervening depressed areas. 
South-west Ireland is separated firom Cornwall and Devon by 
the western approaches of the Atlantic. Between the horsts 
of the Vo^es a.«d the Black Forest lies the Rhine rift valley. 
Moreover, as we have seen, much of the broad Hercynian 
belt subnded at a very early stage to form the floor of the 
Alpine geosyncline. 

Even the Alpine ranges have had their ups and downs. 
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